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Breaking the lee 


RT? Profiler™ PCR Arrays 


Graduate to a quantitative array... 


$e pathway focused: 
profiles the expression of a panel of genes relevant 


to a pathway or disease state 


simple and accurate: 
simple PCR-based procedure; high sensitivity 


and wide dynamic range 


designed for routine use: 
brings expression profiling to almost any lab with 


a real-time PCR instrument 


Jsu perArray 


Bioscience Corporation 


spot 
goes 
quantitative 


PCR Arrays combine microarray profiling capability 
with real-time PCR performance. 


RT? Profiler™ PCR Arrays are the ideal tool for monitoring 
gene expression focused on biological pathways and disease 
states. With PCR Arrays, you can profile the expression of 
a thoroughly researched panel of genes plus housekeeping 


genes and controls in a single 96-well plate. 


RTI? Profiler™ PCR Arrays are available for immunology, 


cancer, signal transduction and more. 


Find the PCR Array for your pathway at 


888-503-3187 (USA) 301-682-9200 
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R&D Systems Quantikine’ ELISA Kits 


re-pro-duc-i-bil-i-ty (ré pra-doos’i-bil’i-té) 1. An assessment of variability among replicate measurements of the 


same sample that are expected to produce identical results. 
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Every Quantikine® ELISA Kit undergoes stringent testing to ensure reproducibility within and between assays. 
Reproducibility/Precision is tested with replicate measurements on the same plate 
and between plates to ensure a low coefficient of variation 
High Affinity Antibodies are selected to minimize non-specific binding 
Diluents are designed to reduce matrix interference in different sample types 
Optimized Recovery of known analyte quantities from different sample types 
Highly Specific antibodies are selected to prevent cross-reactivity with related molecules 
Linearity is assured across the assay dynamic range 


Sensitivity - can detect cytokine levels down to low pg/mL range 


For research use only. Not for use in diagnostic procedures except where noted. 


Neuroscience 
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GE Healthcare 


Greater flexibility 
in histidine-tagged 
protein purification 


Ni Sepharose™ products from GE Healthcare give you greater flexibility and the highest 
binding capacity available for histidine-tagged protein purification. They also assure 
maximum target protein activity, thanks to their tolerance of a wide range of additives 
and negligible nickel ion leakage. 


His MultiTrap™ prepacked multiwell plates let you directly apply unclarified lysate for greater 
convenience and minimized degradation of sensitive target proteins. Ni Sepharose is also 
available prepacked in His SpinTrap™, His GraviTrap™, HisTrap™ and bulk packs to ensure 
maximum flexibility in histidine-tagged protein purification. 


www.gehealthcare.com/his 
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Icebergs and ice sheets in Nansen Fjord, 
Greenland. New measurements indicate that 
the flow rates of glaciers in Greenland and 
West Antarctica have increased recently and 
that the masses of the Greenland and West 
Antarctic ice sheets have been declining. See 
News story page 1699} Editorial[page 1673, 


and other related content (also available at 


www.sciencemag.ora/sciext/ice/). 
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Systems Biology — RNA Purification 


Standardized RNA solutions guarantee 


comparable results 


Convenient RNA purification 
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Purification of high-quality RNA 


Advance your gene expression research with standardized solutions 
for RNA purification! 


QIAGEN RNA solutions standardize the purification of RNA from biological samples. 
Benefits include: 

lH Reliability — highly pure, intact RNA for standardized results in all downstream applications 
lM Convenience — easy-to-use kits with minimal protocol steps 

MH Speed — ready-to-use RNA purified in as little as 25 minutes 


H Versatility — manual and automated kits for a wide range of sample types, sizes, 
and throughputs 


Visit www.giagen.com/goto/RNAsolutions|to find out more! 


aA A & A 
LAAAA J 
For up-to-date trademarks and disclaimers, seefwww-qragen.com]. GEXRNAO106SIWW © 2006 QIAGEN, all rights reserved. QIAGEN 


YYePG Proudly Presents, Thx for Support 


WWW.QIAGEN.COM 


“ 


Science 


' ‘ 
A ~ 
J sty 


ww.sciencedigital.org/subscribe 


For just USS6 G:ydurcasentoilir-AA ASO DAY and 
start receiving Science Digital Edition immediately! 


Science 


“ 


' ‘ 
A * 
J sty 


ww.sciencedisitat.orgs/SUDSCriIDe 


For just USS6 G:ydurcasertoilir AAAS PO DAY and 
start receiving Science Digital Edition immediately! 


Science 


SCIENCE EXPRESS 


BIOCHEMISTRY 

A Voltage Sensor—Domain Protein Is a Voltage-Gated Proton Channel 
M. Sasaki, M. Takagi, Y. Okamura 

Most of a voltage-gated proton channel consists of a four-transmembrane domain 
similar to the voltage sensor of other channels. 


10.1126/science.1122352 


MOLECULAR BIOLOGY 
RNA Interference Directs Innate Immunity Against Viruses in Adult 
Drosophila 
X.-H. Wang et al. 
Insects use small RNA silencing mechanisms to neutralize invading viral pathogens. 
10.1126/science.1125694 
VIROLOGY 
BREVIA: H5N1 Virus Attachment to Lower Respiratory Tract 
D. van Riel et al. 
The avian influenza H5SN1 attaches most efficiently to cell types located deep in the 
lungs of some mammals, including humans, affecting its pathology and transmissibility. 
>> News story p. 1692] 
10.1126/science.1125548 


CONTENTS 


EVOLUTION 

Conservation of RET Regulatory Function from Human to Zebrafish 

Without Sequence Similarity 

S. Fisher, E. A. Grice, R. M. Vinton, S. L. Bessling, A. S. McCallion 

Ahuman regulatory gene can substitute for the corresponding gene in zebrafish, 

conferring tissue-specific expression despite its different sequence. 
10.1126/science.1124070 


PLANETARY SCIENCE 
A Population of Comets in the Main Asteroid Belt 
H. H. Hsieh and D. Jewitt 
Acurrently small population of comets exists in the main asteroid belt, differing 
in origin and temperature from those in the outer solar system. 
10.1126/science.1125150 


TECHNICAL COMMENT ABSTRACTS 


ATMOSPHERIC SCIENCE 


omment on Changes in Tropical Cyclone Number] 1713 
Duration, and Intensity in a Warming Environment 


Response to Comment on “Changes in Tropical 
Cyclone Number, Duration, and Intensity in a 
Warming Environment” 

P. J. Webster, J. A. Curry, J. Liu, G. J. Holland 


full text at[www.sciencemag. org/content/ful/311/5 768/1 


REVIEWS 
EVOLUTION 
utation Pressure and the Evolution of Organelle 1727 
M. Lynch, B. Koskella, S. Schaack 
MICROBIOLOGY 
e Nature and Dynamics of Bacterial Genomes 1730 


H. Ochman and L. M. Davalos 
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APPLIED PHYSICS 


An Integrated Logic Circuit Assembled on a 
Single Carbon Nanotube 
Z. Chen et al. 


The use of different metals to form electrical contacts allows two types 
of transistors to be assembled along the same nanotube to form a 
ring oscillator. 


RESEARCH ARTICLE 


ECOLOGY 
Niche Partitioning Among Prochlorococcus Ecotypes 
Along Ocean-Scale Environmental Gradients 


Z. |. Johnson et al. 

Clades of the most common phytoplankton in the Atlantic Ocean 
are specialized for particular regions demarcated by temperature, 
light, and the presence of competitors. 

>> News story p. 1694; Report p. 1764] 
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CHEMISTRY 

M. E. Mackay et al. 

Because their small size enhances their surface contact, chemically 
dissimilar nanoparticles can be blended with polymers, whereas larger 
particles separate out. 


CHEMISTRY 

D. E. Latch and K. McNeill 

Ahydrophobic probe reveals that there is much more reactive singlet 
oxygen, which degrades pollutants, in aqueous suspensions of organic 
matter than has been thought. 
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with Sigma, the new leader in RNAi 
create your advantage 


Faster siRNA manufacturing? 100% transduction efficiency of shRNA constructs? Long and short term silencing? 


Sigma has developed the most comprehensive array of cutting edge products for every step of your RNAi 
experimental design — creating for you a real advantage. 


Taking siRNA manufacturing to a new level by Lentiviral shRNA delivery that boasts flexibility of 
providing a rapid turnaround, high throughput long and short term silencing, 100% transduction 
and cost effective service that caters to your efficiency and enables experimentation with 
siRNA needs difficult to study cell types such as non-dividing 
MISSION™ TRC shRNA libraries, comprising or primary cells 


150,000 pre-cloned shRNA constructs targeting 
15,000 human genes and 15,000 mouse genes 


So whether you are determining gene function, analyzing signal transduction or screening for potential 
drug targets, why not discover how you can create your RNAi advantage. 


Accelerating Customers' Success through Leadership in Life S¥¥@RG Reoudly,Rsesents, Fax fer Support 


SIGMA-ALDRICH CORPORATION © BOX 14508 ¢ ST. LOUIS * MISSOURI 63178 ¢ USA 


INNOVATION @ WORK 
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Member of the RNAi Consortium 

MIssION is a trademark belonging to Sigma-Aldrich Co. 
and its affiliate Sigma-Aldrich Biotechnology LP. 

The RNAi Consortium shRNA library is produced and 
distributed under license from the Massachusetts 
Institute of Technology. 
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CLIMATE CHANGE 

Paleoclimatic Evidence for Future Ice-Sheet 1747 
J. T. Overpeck et al. 

Simulations of Earth’s climate 130,000 years ago, compared with 
warming projected to occur over the next century, imply that 
widespread melting of the Greenland Ice Sheet is possible. 

>> Report. 175] 

CLIMATE CHANGE 

Simulating Arctic Climate Warmth and Icefield 1751 
B. L. Otto-Bliesner et al. 

Simulations of ice dynamics and climate 130,000 years ago indicate 
that melting of ice sheets in Greenland and the Canadian Arctic raised 
sea level by 2.2 to 3.4 meters. 


ATMOSPHERIC SCIENCE 


1754 
|. Velicogna and J. Wahr 

Satellite measurements of Earth’s gravity reveal that the mass of ice in 
Antarctica decreased from 2002 to 2005, mainly from losses in the West 
Antarctic Ice Sheet. 


CLIMATE CHANGE 


1756 
G. Ekstrom, M. Nettles, V. C. Tsai 

Greenland glacier earthquakes produced beneath ice streams and outlet 
glaciers occur more often in summer and have doubled in frequency 
over the past 5 years. 


>> Perspective p_ 171: 


GEOCHEMISTRY 


e Preparation and Structures of Hydrogen Ordered) 1758 
Phases of Ica 


C. G. Salzmann et al. 

The addition of hydrochloric acid to disordered phases of ice 
unlocks some of the trapped molecules and reveals two new high- 
pressure phases. 


STRUCTURAL BIOLOGY 


1761 
C.-I Chang et al. 

A bacterial peptide activates innate immune responses in Drosophila by 
inducing two recognition proteins to bind to each other. 


CONTENTS 


EVOLUTION 


1764 
J. Raymond and D. Segré 

Models that determine all possible biochemical reactions possible from 
sets of starting molecules show how oxygen permitted the evolution of 
complex metabolic systems. 

>> Perspective 

MICROBIOLOGY 

1768 


M. L. Coleman et al. 
As with other bacteria, genetic differences between closely related 
strains of phytoplankton are clustered in genomic islands, probably 
acquired by phage-assisted lateral gene transfer. 

>> News story p. 1697} Research Article p_ 1737] 
IMMUNOLOGY 

oll-Like Receptor Triggering of a 1770 
P.T. Liu etal. 
In humans, vitamin D is necessary for efficient induction of 
antimicrobial peptides that act against tuberculosis, perhaps 
explaining the therapeutic effect of sunlight. 


MEDICINE 


Reversal of Diabetes in Non-Obese Diabetic Mica 1774 


ithout Spleen Cell—Derived (6 Cell Regeneration 
A. S. Chong et al. 


Islet Recovery and Reversal of Murine Type 1 Diabetes 1775 
in the Absence of Any Infused Spleen Cell Contribution 
J. Nishio et al. 


Immunological Reversal of Autoimmune Diabetes 1778 


tthout Hematopoietic Replacement of 6 Cells 
A. Suri et al. 
Symptoms of type 1 diabetes can be alleviated in mice treated with 
spleen cells from another mouse, but not via transdifferentiation of the 
transplanted cells as had been suggested. 

> News story p. 1694] 
CANCER 
1780 
S. H. Thorne, R. S. Negrin, C. H. Contag 
A combination cancer therapy, in which tumor-seeking immune cells 
deliver a tumor-destroying virus, is more effective in mice than either 
approach alone. 
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amplification 


One just nght for you. 


Find your perfect match among the tull line of Bio-Rad amplification products. 


Bio-Rad is committed to providing you with the best tools for your 
PCR needs. This dedication is proven by our history of innovation, 
quality, and regard for researchers’ needs. 

= The most complete line of thermal cyclers available anywhere 


= The only modular real-time cycler upgrade with a thermal gradient; 
choose from 1 to 5 colors 


= Innovative enzymes that work where others fail 
= PCR tubes, plates, and sealers for any application 
= Dedicated technical support by experienced scientists 


PCR License Update 


All Bio-Rad’s thermal cyclers and real-time 
systems, including MJ products, are covered 
by PCR agreements. 


Find out more ati}www.bio-rad.com/PCRnews 


For more information, visit us on the Web at:|www.bio-rad.com/amplification 


Photo: Pete with his MiniOpticon™ real-time system and Patty with her DNA Engine Dyad® cycler with a Dual Alpha”™ unit and a single Alpha”™ unit. 


Practice of the patented polymerase chain reaction (PCR) process requires a license. Bio-Rad Thermal Cyclers, whether purchased as complete 
instruments or as multiple modules, are Authorized Thermal Cyclers and may be used with PCR licenses available from Applied Biosystems. 
Their use with Authorized Reagents also provides a limited PCR license in accordance with the label rights accompanying such reagents. 


Bio-Rad real-time thermal cyclers are licensed real-time thermal cycler(s) under Applera’s United States Patent No. 6,814,934 B1 for use in 
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A (Genetic) History of Violence 
Aggressive behavior may be linked to gene variant. 


A Lop-Sided Look at Cancer 
Breast symmetry seems to be important for predicting cancer risk. 


Holey Fiber 
Optics technology gets wired. 


Active MAPK in mouse embryos. 


SCIENCE'S STKE 
SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT 


PERSPECTIVE: BRAF and MEK Mutations Make a 

Late Entrance 

N. Duesbery and G. Vande Woude 

Germline mutations in the KRAS, BRAF, and MEK1 and MEK2 genes 
cause specific developmental syndromes. 


PERSPECTIVE: Multiple Thermometers in Mammalian 
Cells—Why Do Cells from Homeothermic Organisms 

Need to Measure Temperature? 

M. Y. Sherman and V. L. Gabai 

Do cells have specific molecular thermometers or simply detect the 
accumulation of abnormal proteins? 


The fulfillment of teaching science. 


SCIENCE CAREERS 


CAREER RESOURCES FOR SCIENTISTS 


GLOBAL: Scientists as Schoolteachers—Feature Index 

R. Arnette 

Scientists are finding professional fulfillment from teaching inside 
and outside of the classroom. 


MISCINET: Educated Woman, Chapter 49—The Grad School 
Success-O-Meter 

M. P. DeWhyse 

Micella explores the continuum from grad school success to failure. 


US: Learning Without Schooling 


A. Kotok 
Scientists can teach kids in places other than the classroom, 
A plethora of plaque types but business skills and a touch of showbiz are needed. 
ante naman sei EUROPE: A Surfeit of Schoolteachers 
C. Berrie 
SCIENCE'S SAGE KE Italy has too many teachers now, but a teacher shortage is predicted 
SCIENCE OF AGING KNOWLEDGE ENVIRONMENT for the coming years. 
REVIEW: The Development of Amyloid B Protein Deposits in US: An Alternative Approach to an Alternative Career 
the Aged Brain J. Austin 
D. R. Thal, E. Capetillo-Zarate, K. Del Tredici, H. Braak In parts of the United States, scientists can be teaching just weeks 
Different types of amyloid £6 protein deposits offer clues into the after making the decision to leave the bench. 


development of neurodegeneration. 
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Beating Entropy 


It is typically difficult to mix two polymers 
together or to mix particles into polymers unless 
there is a strong attraction between the dissimilar 
materials because entropic effects favor phase 
separation. Mackay et al. show that 
when the size of the particles is smaller than the 
radius of gyration of the polymer, the mixed state 
may be thermodynamically favored because of 
an increase in surface contacts between the parti- 
cles and the polymer. However, they also show 
that processing strategies must be taken into 
consideration for this favored state to be reached 
for certain mixtures. 


Making Oxygen Glow 
in the Dark 


Aqueous mixtures of organic matter in the envi- 

ronment contain many molecules that, when irra- 
diated by sunlight, can excite dissolved oxygen to 
its singlet state (70,). Highly reactive +0, can play 
a significant role in both the direct degradation of 
pollutants and the internal chemistry of local bac- 
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Ice Sheet Stability 


teria. However, the short lifetime of 10, hinders 
accurate measurements of its concentration. 
Latch and McNeill (p.1743, published online 23 
February; see the Perspective by Hassett) use a 
hydrophobic probe molecule to trap 10, from 
deep within the suspended pockets of organic 
matter and then quantify concentrations with 
induced chemiluminescence. They measure values 
more than 100 times greater than those found 
with traditional probes that fail to penetrate the 
organic phase. A kinetic model based on compet- 
ing quenching and diffusion rates accounts well 
for the partitioning. 


Bloated and Not-So- 
Bloated Genomes 


Eukaryotic genomes are bloated with so-called 
“junk” DNA including introns, mobile ele- 
ments, and large intergenic regions. Curiously, 
animal mitochondrial genomes are tiny, essen- 
tially junk-free, and conserved in gene struc- 
ture, whereas plant mitochondrial genomes are 
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The world is warming, and higher temperatures can cause melting of 
polar ice sheets. How fast will the ice sheets of Greenland and Antarc- 
tica disappear, and how fast and far will sea level rise in the coming 
century? These issues are addressed in a news story by Kerr (see 
the cover), the Editorial by Hanson and Kennedy, Perspectives 
by Bindschadler and Joughin, and four Reports. Otto-Bliesner 
et al. integrate climate model simulations, an ice sheet 
model, and paleoclimate data to show that the northern latitudes, 
and particularly the Arctic, were significantly warmer during 
the Last Interglaciation, when sea level was several meters higher 
than at present. They also estimate that the Greenland Ice Sheet contributed between 
2.2 and 3.4 meters of sea level rise in the penultimate deglaciation. Overpeck et | 
al. {p. 1747) compare the model's predictions of warming during the next 130 j 
years to this reconstruction, and conclude that surface temperatures will be as_ | 
high by the end of this century as they were 130,000 years ago. These conditions | 
would melt enough of the Greenland Ice Sheet to raise sea level by several 
meters. Determining how quickly Antarctic ice may be disappearing has been dif- 
ficult to assess. The Gravity Recovery and Climate Experiment (GRACE) satellites 
were designed to make the needed measurements, and Velicogna and Wahr 
published online 23 February) show that the mass of theice sheethasbeen ~“ 
decreasing by 152 + 80 cubic kilometers per year from 2002 to 2005, mostly from losses 
of the West Antarctic Ice Sheet. Contrary to some projections, ice loss around the margins is 
proceeding faster than the center of the ice sheet is growing. Glacial earthquakes are triggered by the large 
and sudden sliding of glaciers and can be observed by global seismic networks. Ekstrom et al. (p. 1754; 
see the Perspective by Joughin) recorded glacial earthquakes on Greenland and found that these events 
were more common in summer and that their annual number has doubled since 2002. Both of these find- 
ings are consistent with the observed accelerating motion of outlet glaciers from the Greenland Ice Sheet 
and correlate with its more widespread melting in recent years. 


rigid conservation of gene structure. What under- 
lies these very different patterns of genome size 
and complexity? Lynch et al. review 
how mutation rates correlate with organelle 
genome complexity, being for the most part 
much higher in animal mitochondria than in 
plant mitochondria, which suggests that non- 
adaptive evolutionary forces play a critical role in 
shaping the structure of organelle genomes and 
possibly nuclear genomes. A stumbling block in 
annotating bacterial genomes is the presence of 
pseudogenes. Ochman and Davalos 
review systematic methods for identifying 
pseudogenes in particular genomes, using the 
well-studied Escherichia coli as an example. 


Plankton Biogeography 


Prochlorococcus is the most common oxypho- 
totroph in the open ocean and plays a key role 
in ocean-based fixation of CO,, oceanic primary 
production, and the composition of the marine 
ecosystem. Johnson et al. show that 
closely related strains (>97% similarity in 165 
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This Week in Science 


Continued from 


ribosomal RNA) have dramatically different distribution patterns in the water column, and indeed 
over the entire Atlantic Ocean. These closely related microbes appear to have ecologically distinct 
roles related to temperature, light, and competitors. Coleman et al. analyzed two closely 
related Prochlorococcus strains and found that diversity was concentrated in genomic islands, puta- 
tively acquired via lateral gene transfer mediated by phage. Genomic islands may be a fundamental 
mechanism for niche differentiation across microbial systems (see the news story by Pennisi). 


A Foe Motif 


Pattern recognition receptors recognize conserved components found in pathogens, but not in the 
host, are central to the innate immune response. Chang et al. describe the crystal structure 
at 2.1 angstrom resolution of tracheal cytotoxin (TCT), a fragment of a peptidoglycan specific to Gram- 
negative bacteria, bound to the ectodomains of the peptidoglycan recognition proteins LCa and LCx. 
The structure shows how a specificity determinant of Gram-negative bacteria is recognized in the com- 
plex and how TCT induces heterodimerization of LCa and LCx to activate downstream signaling. 


Adding Oxygen to the Evolutionary Mix 

What was the effect of developing the ability to use oxygen safely in metabolic reactions? Raymond 
and Segre see the Perspective by Falkowski) modeled how metabolic networks would have 
evolved from the Late Archean to Late Proterozoic periods of Earth’s history. The complexity of net- 
works that could use oxygen increased to levels far beyond those seen before the presence of oxygen. 
Comparisons between enzyme distributions and phylogenies suggest that adaptation to oxygen 
occurred after the major phylum-level divergences. 


Rethinking B-Islet Cell 
Replacement 


Type 1 diabetes mellitus (TIDM) occurs when the insulin 
producing .-islet cells of the pancreas become depleted 
through autoimmune attack. As well as finding means of 
limiting this destructive immune response, a great deal of 
research effort is being placed in finding ways of regenerat- 
ing B-islet cells. It had been reported that spleen cells could 
reverse T1DM by replacing lost B-islet cells through trans- 
differentiation when injected together with an immune 
adjuvant into diabetic mice [Science 302, 1223 (2003)]. 
Three groups (Chong et al., |p. 1774 Nishio et al., P| 

and Suri et al., OS that the same 
protocol does result in some reversal of established T1DM in 
the same mouse model, but not via spleen cell transdiffer- 
entiation (see the news story by Couzin). Simple injection 
of the immune adjuvant alone promoted recovery. Presum- 
ably, the immune-modifying activity of the adjuvant pro- 
vides a window of opportunity for the few remaining -islet cells to proliferate to the extent that they 
become a sufficient source of insulin. Although these studies do not support the contribution of 
spleen cell transdifferentiation to the reversal of TIDM, they do provide hope for future development 
of immune-based therapies for the condition. 


A Trojan Horse to Battle Cancer 


One of the major hurdles in cancer therapy is delivering drugs efficiently to the tumor cell target. 
Thorne et al. ) addressed this problem by designing a “Trojan horse” therapy in which 
immune effector cells that naturally migrate to tumors (cytokine-induced killer, or CIK cells) were 
used to deliver a potent oncolytic virus (vaccinia) to tumors growing in mice. The CIK cells transported 
the virus deep within the tumors to provide a uniform distribution of infection. The viral infection in 
turn enhanced tumor cell killing by the CIK cells and significantly inhibited tumor growth. Although 
each component of the therapy had been shown previously to have antitumor activity, the combina- 
tion proved to be much more effective. YYePG Proudly Presents, Thx for Support 
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Ice and History 


A. ms |F YOU PAUSED AT THE TABLE OF CONTENTS, YOU NOTICED THAT THERE IS A LOT ABOUT ICE IN 
Donald Kennedy is this issue. Ice is important not only because we are losing it but also because it is an archive that has 
Editor-in-Chief of Science. told us much about past climates. But the climate-change debate has focused perhaps too much on 
the past few hundred years. That baseline has told us much about what has been happening to 
global temperature lately, but it may not be the best baseline to use in exploring our future. 

For that, the relationship between greenhouse gas levels and temperature, evident in data from 
ice cores, illuminates climates in the geological past and may be a more useful guide to the future. 
Fifty million years ago, CO, levels may have topped 1000 parts per million by volume (ppmv) and 
sea levels were about 50 meters higher than those today. CO, levels gradually decreased as marine 
organisms fixed carbon through photosynthesis and then buried it by sinking into the ocean basins. 
This reduction and a corresponding decrease in temperatures allowed ice sheets to develop in 
Antarctica starting 30 to 40 million years ago. By 3 to 4 million years ago, CO, levels probably 
dropped to or below the preindustrial level of about 290 ppmv, and permanent ice sheets appeared 
in the Northern Hemisphere. As subsequent glaciations came and went, CO, concentration and 
temperature were tightly linked. When both went down, ice sheets grew and sea levels sank, lower 
than today’s by more than 100 meters. When both went up, there were relatively stable warm periods 


Brooks Hanson is with high sea levels. 
Deputy Editor for physical A central feature of this long baseline is this: At no time in at least the past 10 million years 
sciences at Science. has the atmospheric concentration of CO, exceeded the present value of 380 ppm. At this time in 


the Miocene, there were no major ice sheets in Greenland, sea level was several meters higher than 
today’s (envision a very skinny Florida), and temperatures were several degrees higher. A more 
recent point of reference, and the subject of two papers in this issue, is the Eemian: the previous 
interglacial, about 130,000 to 120,000 years ago. This was a warm climate, comparable to our 
Holocene, during which sea levels were several 
meters higher than today’s, even though CO, 
concentrations remained much lower than 
today’s postindustrial level. 

So what should the appropriate baseline be for 
estimating our present climate prospects? Is it the 
relatively recent evidence of climate change, or is 
it the developing knowledge from ice cores and 
the geologic record about past climate equilibria? 
The Holocene, over its 10,000-year life, has 
provided us with a comparatively stable period. 
Now we are changing an important parameter. 
Evidence presented in two papers, a News story, 
and two Perspectives in this issue demonstrates an 
accelerating decay of ice sheets in Greenland and 
Antarctica. Given the concurrent rapid recent rise in 
CO, concentration, history suggests that we should expect other changes. Will these changes return 
us to a climate like the Miocene or earlier? Or will we experience a repeat of the Eemian? 

Nothing in the record suggests that an “equilibrium” climate model is the right standard of 
comparison. We are in the midst of a highly kinetic system, and in the past, dramatic climate 
changes have taken place in only a few decades. Our comfort in the Holocene may have heightened 
our sense of security, but the expectation that change is unlikely is not a reasonable position. 
The central question of today’s climate policy discussions centers on whether the change in average 
global temperature over the past century represents the result of new climate forcing or instead 
simply reflects natural variation. 

That question invites us to examine recent statistics on climate variation and then test the current 
excursion for significance. But if one is interested in risks and in preparing to meet them, the more 
interesting question is what the deep historical record can tell us about the circumstances under which 
climates have changed rapidly in the past and the severity of the consequences. Considered in that 
way, accelerated glacial melting and larger changes in sea level (for example) should be looked at as 
probable events, not as hypothetical possibilities. We don’t have to abandon the short-term baseline, 
but the longer one may give a more realistic picture of our future. 

— Donald Kennedy and Brooks Hanson 
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HIGHLIGHTS OF THE RECENT LITERATURE 


The American robin. 


EPIDEMIOLOGY 
Seasonal Tastes 


The mosquito-borne West Nile virus (WNV) has caused repeated human epidemics in 
North America and is a zoonotic virus transmitted by Culex mosquitoes whose preferred 
host is the emblematic American robin (Turdus migratorius). Kilpatrick et al. have shown 
that the mosquitoes exhibit a shift in feeding behavior when the robins disperse after 
breeding. In early summer (May and June), about half of the mosquitoes’ blood meals 
come from the robin, despite house sparrows (Passer domesticus) being common and 
susceptible to infection. In late summer (July to September), the robins disperse and the 
Culex shift to feeding on humans, again despite the ubiquity of house sparrows. 
Integrating available data into a model based on a shift in mosquito feeding preference 
leads to the prediction that the peak transmission of WNV to humans should occur 
by late July to mid-August and then decline in early October when cold weather hampers 
mosquito activity. Seasonal shifts in mosquito feeding behavior occur across the 
United States and appear to intensify epidemics of several avian zoonotic viruses, not 
only WNV but also Western equine encephalitis virus, St. Louis encephalitis virus , and 


CREDITS (TOP TO BOTTOM): GARTH MCELROY; ILLUSTRATION: NAYOMI KEVITIYAGALA/SCIENCE, ADAPTED FROM PSYCHOL. SCI. 17, 305 (2006) 


GEOPHYSICS 
A Collapsing Umbrella 


Observations of volcanic plumes have provided 
fundamental insight into volcanic processes, one 
notable instance being Pliny the Younger’s 
descriptions of Vesuvius in 79 AD. Large erup- 
tions, like nuclear explosions, often form an 
umbrella-shaped plume. The top of the umbrella 
forms when hot gases and particles in a central 
eruption column reach neutral bouyancy and mix 
with cold dense air that is being driven upward; 
this process helps to stabilize the umbrella, allow- 
ing ash to fall gradually. Most such plumes have a 
cauliflower-shaped outer surface. 

Chakraborty et al. describe a more ordered 
umbrella that formed during the November 2002 
eruption of Reventador in Ecuador. In this 
instance, the edge of the umbrella formed large 
regular undulations approximately every 0.7 km, 
producing a shape similar to the edge of a scal- 
lop. The authors ascribe this phenomenon to an 
instability that occurs when the outer rim of the 
umbrella becomes too dense to be neutrally buoy- 
ant, a plausible result of this relatively cool erup- 
tion. Such a loss of buoyancy could lead to col- 
lapse of the umbrella, which would produce 
another type of volcanic flow. — BH 


Geophys. Res. Lett. 33, L05313 (2006). 


PSYCHOLOGY 
Misjudging Priors 
Mental models or simulations of future outcomes 


can be extremely helpful in planning and guiding 
our behavior, as when a forward model of a 
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possibly other vector-borne pathogens. — CA 


reaching movement is used to reduce the vari- 
ance in the trajectory of the arm. In situations 
where several outcomes with associated likeli- 
hoods exist, there is a known tendency, referred 
to as hindsight bias, for the actual outcome to 
inflate our post-outcome estimates of the initial 
likelihoods. 

One arena where this bias comes into play is 
in the forensic reconstructions of traffic acci- 
dents, and Roese et al. have examined whether 
using computerized simulations (versus text and 
diagram visual aids) elicits these overestimates. 
They find that animated sequences exacerbate 
hindsight bias and, more intriguingly, that the 
bias reverses when the post-outcome estimate is 
compared to one made just before the time of 
collision. This so-called propensity effect 


An accident about to happen... or not? 


describes our sense that the collision is destined 
to occur before it takes place, something we are 
surprisingly less certain about after the collision 
has actually occurred. — GJC 
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PloS Biol. 4, e82 (2006). 


CHEMISTRY 
Small-Scale Synergy 


In metallic and semiconductor nanoparticles, 
the material properties can be tuned simply by 
changing the particle size. Shi et al. have 
explored the additional dimension of varying 
nanoparticle composition to incorporate multi- 
ple kinds of materials—specifically magnetic- 
metallic, magnetic-semiconducting, and semi- 
conducting-metallic hybrids, as well as ternary 
combinations. 

The synthetic strategy involved spontaneous 
epitaxial nucleation and growth of the second and 
third components onto seed particles in high- 
temperature organic solutions. For the magnetic- 
metallic particles (Fe,0, grown on gold), solvent 
choice influenced the particle morphology, with 
good electron donors leading to core-shell 
geometries and poor electron donors yielding 
peanut-shaped fused particles. For Au-PbS parti- 
cles, which combine a metal and a semiconductor, 
the choice of solvent did not influence the particle 
morphology, but the concentration of gold seed 
particles was critical. Finally, heating strategy and 
seed particle dimensions were the key variables 
for setting the ternary particle morphologies. The 
optical and magnetic properties of the particles 
were influenced by the hybrid interface. For exam- 
ple, the Au plasmon resonances were red-shifted 
in the hybrid particles; at the same time, the mag- 
netization saturation field of the Fe,0,-Au parti- 
cles was an order of magnitude greater than that 
of pure magnetite. — MSL 

Nano Lett. 6, 10.1021/nl0600833 (2006). 
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CHEMISTRY 
Switching Philicity 


The immiscibility of organic and aqueous solu- 
tions (such as oil and vinegar) underlies a wide 
range of practical chemical separations. For ver- 
satility, liquid fluorocarbons have come into 
increasing use over the past decade as a third sol- 
vent phase, into which highly fluorinated solutes 
partition from both water 
and the more traditional 
organic solvents. 
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Sn—failed to dissolve in common fluorous sol- 
vents such as FC-72. The compound did dissolve 
in polar organic liquids (ethyl acetate, acetone, 
and tetrahydrofuran), and subsequently parti- 
tioned into the fluorous phase upon addition of 
FC-72 to the solution. The authors explain these 
observations by suggesting that the waters of 
hydration initially bound to the tin repel the fluo- 
rous solvent but can be displaced by polar organ- 
ics, which in turn allows the fluorous liquid to 
approach. The compound proved useful as a 
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EDITORS'CHOICE 


homogenizing agent for fluorous and organic sol- 
vents, with 1.7 g nearly tripling the solubility of 
ethyl acetate in FC-72. — JSY 

J. Am. Chem. Soc. 128, 10.1021/ja058105v (2006). 


DEVELOPMENT 
More Is Bigger 


Multicellular organisms can grow by making 
more cells or by making larger ones. The nema- 
tode Caenorhabditis elegans uses both methods: 
Cell proliferation drives worm growth until sexual 
maturity, whereas cell growth (mainly of epider- 
mal cells) accounts for the twofold increase in 
size during adulthood. Growing adult cells also 
undergo endoreduplication, wherein genomic 
DNA is replicated repeatedly without cell divi- 
sion, resulting in each cell containing multiple 
copies of the genome (polyploidy) rather than 
just two. 

Lozano et al. address the question of whether 
endoreduplication is directly responsible for 
adult growth in the worm. Blocking endoredupli- 
cation after the final larval molt results in dwarf 
worms that are roughly half the size of wild-type 
adults, whereas in a tetraploid strain, adult 
worms are roughly 40% larger than normal. 
Cyclin E is involved in the control of endoredu- 
plication in a number of organisms, including C. 
elegans, and adult worms mutant for cye-2 have 
both reduced epidermal ploidy and are dwarfed, 
often to less than half the size of comparable 
wild-type adults. Although it is clear that endo- 
reduplication can account for the growth of poly- 
ploid somatic cells in worms, cells that remain 
diploid in the adult are presumably stimulated to 
grow by their polyploid neighbors. — GR 

Curr. Biol. 16, 493 (2006). 


<< Larger Pipe, Lower Resistance 


The pathogenesis of hypertension—a risk factor for heart disease, kid- 
ney disease, and stroke—is complex and poorly understood. Zacchigna 
et al. find that mice lacking elastin microfibril interface-located protein 
1 (Emilin1), a secreted extracellular matrix protein expressed in the 


cardiovascular system, had high blood pressure in conjunction with 
decreased blood vessel diameter and increased peripheral resistance. Emilin1 contains a cysteine- 
rich domain, as do other proteins involved in the regulation of growth factor signaling, leading 
the authors to investigate the relationship between Emilin1 and transforming growth factor—B 
(TGF-f), which plays a critical role in vascular development and pathophysiology. Emilin1 blocked 
TGF-f signaling upstream of receptor activation and did not interfere with ligand/receptor bind- 
ing or signaling in response to mature TGF-f1. Rather, Emilin1 bound to proTGF-61, preventing 
its proteolytic processing and the production of biologically active TGF-B1. TGF-f signaling was 
enhanced in the aortic wall of the mice lacking Emilin1, and inactivation of one 7GF-(1 allele in 
Emilin1 knockout mice restored normal blood vessel diameter and blood pressure. Thus, the 
authors conclude that Emilin1 acts to regulate blood pressure by modulating TGF-f processing 
and thus the availability of the biologically active form. — EMA 
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Cell 124, 929 (2006). 
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2nd millennium B.C.E. More than half of them have digital 
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THE WORLD OF WATER 


Close to 1 billion people lack access to fresh water, according to the sec- 
ond triennial World Water Development Report from the United Nations. 
The report, presented this week at the World Water Forum in Mexico City, 
is a panoramic view of world water problems. It includes photographs 
such as this one above of nomad women drawing water in Mauritania; 
case studies, such as water-management plans for the Danube watershed 
and for the greater Tokyo area; and illuminating charts, including one 
showing how U.S. sales of agricultural products to Japan make Japan a 
huge importer of “virtual water.” 


Baby blues. 


BLUER IS 
BETTER >> 


Many species of birds 
lay blue-green eggs, 
but what the color sig- 
nifies has stumped biol- 
ogists. One theory is that 
it serves as a signal of 
quality to males, as the 
shell pigment, biliverdin, is 
expensive to produce. 

To test whether blueness is an 
indicator of reproductive benefits, a team 
led by Juan Moreno, an ornithologist at the National Museum of 
Natural Sciences in Madrid, measured the color intensity of the 
eggs of pied flycatchers. The researchers also measured the 
amount of antibody proteins within each egg and the survival 
rate of the chicks. 

The bluer the better, it turns out. Bluer eggs contained more 
maternal antibodies—the first line of immunological defense for 
freshly hatched chicks. Chicks from such eggs also were more 
likely to survive their first 2 weeks, the researchers reported online 
15 March in Biology Letters. As a bonus, biologists can now use 
egg color as a quick guide to the health of such bird populations. 

These results firm up the “signal theory” of egg color, says 
Lynn Siefferman, an ornithologist at Auburn University in 
Alabama. The next step, she says, is for researchers to artificially 
color eggs and see if males invest more care in bluer ones. 
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Journals Winging It 
On Good Conduct 


You're a journal editor looking at a paper whose authors have 
drug company ties. Or you suspect the paper has already been 
published in Norwegian. How do you make sure it’s on the level? 
Many journals may be at a loss, a new survey finds, because they 
lack policies to deal with such situations. 

The U.K.-based Committee on Publication Ethics (COPE) 
surveyed its 346 member biomedical journals. About one-third 
responded. “So many journals had weak or nonexistent policies” 
for authors, says COPE chair Harvey Marcovitch, a pediatrician. 
Some 13% lack a procedure for handling conflict of interest, 
and 28% have no system to ensure that a paper has gone 
through an ethics approval. Feedback mechanisms are also 
weak: 60% had no complaint procedure for authors, and 9% did 
not publish letters to the editor, which COPE considers an 
important postpublication peer-review mechanism. And 64% of 
journals have no policy for dealing with a potential case of 
research misconduct. Even when journals tried to get to the 
bottom of an allegation, one in five cases ended in a stalemate. 


(See the report at|www.publicationethics.org.uk/reports/2005)) 


Sentenced to Remember 


Proust, move over. A woman known as “AJ” remembers every day of her life 
since she was 14. So unusual is she that neuroscientists have coined a new 
term—"hyperthymestic syndrome”—for someone in whom “remembering 
dominates her life.” 

AJ, now in her early 40s, caught the attention of neuroscientist James 
McGaugh of the University of California, Irvine, in 2000 when she sent him 
an e-mail saying “since | was eleven, | have had this unbelievable ability to 
recall my past.” The memories, she wrote, are “nonstop, uncontrollable, and 
totally exhausting.” 

Over the next 5 years, McGaugh and colleagues gave her various tests. Once, 
for example, they asked her to recall the previous 24 Easters. In 10 minutes, she 
came up with the dates as well as details of her activities. Every 
date but one was accurate. “She sort of has a vacuum cleaner 
sucking up all of the personal experiences and storing them #9 23,192 
away so that they're available,” says McGaugh. 

The researchers say A] differs from other cases of 
extraordinary memory because hers is all about her own 
life—unlike autistic savants who can recall vast amounts 
of irrelevant information or calculate dates far in the 
future. Tests do show that AJ may have impairment in the 
left frontal lobe, like people with autism or obsessive- 
compulsive disorder. But AJ, who has average intelligence, 
has managed to graduate from college, hold jobs, and get married, 
researchers report in the February issue of Neurocase. 

Some researchers are skeptical that AJ's abilities are all that unusual. 
Cognitive neuropsychologist Stephen Christman of the University of Toledo 
in Ohio says they may result from a combination of natural retentiveness 
and a tendency to obsess over her memories for hours every day. McGaugh 
says the team plans to do brain scans to see whether areas involved in 
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DRUGTRIALS 


Supersolid 
sightings repeated 


Violent Reaction to Monoclonal 
Antibody Therapy Remains a Mystery 


CAMBRIDGE, U.K.—It took only minutes to 
realize that something had gone seriously 
wrong. On 13 March, six healthy volunteers 
in a clinical trial were injected with a “super- 
agonist,” a drug meant to boost a type of T cell 
in the immune system, and soon all of them 
became violently ill. According to relatives 
and friends last week, the six vomited, col- 
lapsed, and passed out; one became bloated 
“like the Elephant Man,” his girlfriend told the 
press. Two additional participants who had 
received a placebo showed no ill effects. 

The volunteers were paid to participate in 
the trial (according to one, about $3460), the 
first human tests of a drug aimed at treating 
leukemia and autoimmune diseases such as 
multiple sclerosis and rheumatoid arthritis. 
They were given a synthetic (monoclonal) anti- 
body called TGN1412, designed by TeGenero 
in Wtrzburg, Germany, and manufactured by 
Boehringer Ingelheim. In animal tests, the mol- 
ecule triggered the production of so-called reg- 
ulatory T cells, which keep the immune system 
in check. But something went amiss. The worst- 
affected volunteers were kept alive with mechan- 
ical life support and large doses of steroids to 
reduce inflammation. After 5 days, a doctor at 
Northwick Park Hospital near London said four 
were improving and three had been removed 
from machines. But the two worst affected 
remained in critical condition early this week. 

Exactly what triggered the reaction is not 
known. It seemed at first that an error in drug 
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Roulette. Six healthy volunteers injected with a test 
drug had to be rushed into critical care at Northwick 
Park Hospital; two others injected with a placebo 
weren't affected. 


dosing or manufacture may have been to 
blame, says Simon Gregor, spokesperson for 
the U.K. Medicines and Healthcare Regula- 
tory Authority (MHRA), which approved the 
trial. Managers at Northwick Park were so 
surprised that they even called in the police to 
check for evidence of a crime. But as MHRA 
and other investigators analyze materials and 
swarm over the private, 36-bed ward where 
the test took place, no crime or technical 
error has come to light. Suspicion is focusing 
instead on TGN1412 itself. 

MHRA, TeGenero, and the company that 


Antigen presenting cell 


SuperMAB® 
~ 


One ~) 
Stimulatory 


CD receptor 


T cell 
activation 


Strong medicine. The human T cell, a multitasking agent in the immune system, is normally activated only 
when two receptors are stimulated (left). But the “superagonist” used in a London clinical trial can activate 


T cells by stimulating a single receptor (right). 
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Diabetes finding 
doesn't hold up 


managed the trial, Parexel in Boston, Massa- 
chusetts, say that their procedures still look 
watertight. The volunteers’ reactions were 
unforeseeable, they maintain. TeGenero’s chief 
scientific officer Thomas Hanke expressed 
“shock” in a statement on 17 March: “Extensive 
preclinical tests showed no sign of any risk.” 

Hanke told Science that a rodent version 
of the molecule was tested extensively at high 
doses in rats and mice, with no ill effects; 
TGN1412 itself was given to 20 cynomolgus 
monkeys in an unpublished study—after it 
was shown that their T cells were activated 
in the same way as human cells—with no 
significant adverse effects other than a short- 
lived increase in lymph node size. MHRA’s 
Gregor says, “We have gone back [to the 
files] this week, and there is nothing in the 
documentation that would cause us to think 
there is a concern here.” 

But some independent observers have 
suggested that the trial was moving too 
aggressively. It was “a mad concept” to give a 
potent drug never tested in humans to six peo- 
ple at once, says medicines policy expert Joe 
Collier of St. George’s Hospital Medical 
School in London. It would have been better 
to do one test and pause, he says. Monoclonal 
cancer vaccine researcher Angus Dalgleish 
of St. George’s agrees that the procedure 
looks “bizarre,” because the results of T cell 
activation are notoriously hard to predict. 

Hanke responds that the trial’s approach 
was “fairly common,” reflecting “current 
practice in biopharmaceutical development.” 
He adds: “We did not have any evidence to 
suspect that this drug would be unsafe at the 
dosage we applied,” which was, at 0.1 mil- 
ligram per kilogram of weight, one-500th that 
given as a safe dose in animals. 

Some also question TeGenero’s decision to 
move into human testing without a better 
developed—or at least a more publicly docu- 
mented—tationale for how TGN1412 could up 
the count of regulatory T cells without turning 
on other, destructive responses. TeGenero’s 
co-founder and scientific adviser Thomas 
Hiinig of Wtirzburg University says that 
research since 1997 has shown that TGN1412 
and analogous antibodies bind to the CD28 
receptor on T cells, triggering a powerful expan- 
sion of cells dominated by regulatory T cells. 
Even at “horrific” doses in rats and mice, he 
says, regulatory cells dominated, giving cre- 
dence to the view that these cells’ damping 
effect would swamp out the more harmful 
effects of conventional T cells, also activated by 
TGN1412. The monkey study supported this > 
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the oceans 


confidence, says Hanke: “We saw no drug- 
related adverse events.” 

Some experts in monoclonal antibodies— 
including Dalgleish and Arlene Sharpe and 
David Hafler of Harvard Medical School in 
Boston, as well as John Isaacs of the Univer- 
sity of Newcastle, U.K.—say that without hav- 
ing seen the relevant monkey data or results 
from tests with human cells in vitro, it’s diffi- 
cult to evaluate the argument that TGN1412 
would likely have the same selective, benign 
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effect in humans as in test animals. But they 
say they would not be surprised to find that 
TGN1412 stimulates harmful as well as bene- 
ficial effects. “A lot of cells” carry the CD28 
receptor and might be activated, Hafler notes, 
adding, however, that “I wouldn’t have 
thought [an accident like this] could happen.” 

Johannes Léwer, president of the Paul 
Ehrlich Institute in Langen, Germany, says his 
center was also approached by TeGenero to 
assess the TGN1412 trial. “We reviewed it very 
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carefully” and reached the same conclusion as 
the U.K. group: The trial was safe and should 
proceed. Léwer offers two lessons for the 
future. Research is needed to define better ani- 
mal models of the human response to CD28 
agonists, he says. And he recommends that 
extra precaution be taken when antibodies are 
used to stimulate rather than neutralize compo- 
nents of the immune system. 

—-ELIOT MARSHALL 
With reporting by Gretchen Vogel in Berlin. 


Long-Awaited Data Sharpen Picture of Universe's Birth 


If good things come to those who wait, astro- 
physicists and cosmologists are reaping a well- 
deserved reward. Last week—a year later than 
originally planned—researchers working with 
NASA’s Wilkinson Microwave Anisotropy 
Probe (WMAP) satellite released their second 
batch of data. The new measurements pinpoint 
the emergence of the first stars and tighten the 
screws on theories of how the infant universe 
expanded from the size of a marble to billions 
of light-years across in 10->° seconds. 

“The new WMAP results are extremely 
important,” says Andrew Lange, an astro- 
physicist at the California Institute of Technol- 
ogy in Pasadena. “They usher in a whole new 
phase of cosmological research.” 

Launched in 2001, WMAP detects light 
from the big bang, which has cooled and 
stretched to longer wavelengths, leaving a per- 
vasive haze of microwaves with a temperature 
of 2.7 kelvin. Three years ago, WMAP 
researchers used data collected in the satellite’s 
first year in space to chart the faint variations in 
the temperature of the microwaves across the 
sky (Science, 14 February 2003, p. 991). 

Scrutinizing the fluctuations, the team 
hammered down the cosmos’s vital statistics 
to unprecedented precision. The universe is 
13.7 billion years old; is “flat” (curved neither 
inward like a gigantic sphere nor outward like 
a gigantic potato chip); and consists of a smat- 
tering of ordinary matter, much more unseen 
dark matter, and a whopping amount of space- 
stretching “dark energy.” 

Now, WMAP researchers have analyzed 
data collected during the second and 
third years of the satellite’s mission. The 
microwaves coming from different places in 
the sky can point in different directions, like 
wind-speed arrows on a weather map, and the 
new work tracks how that polarization varies 
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Lights on. New data from NASA's WMAP satellite show that stars emerged 400 million years after the big 
bang and limit theories of how the newborn universe inflated at faster-than-light speed. 


across the sky. The data give researchers 
another window into the infant universe, team 
leader Charles Bennett, an astrophysicist 
at Johns Hopkins University in Baltimore, 
Maryland, said Friday in a telephone press 
conference at Princeton University. 

The polarization arose when photons in 
the big bang afterglow collided with free elec- 
trons whizzing through the youthful universe. 
And the electrons popped out of neutral atoms 
when the atoms were illuminated by the light 
of the first stars. So by studying the polariza- 
tion, the researchers could tell that the first 
stars emerged about 400 million years after 
the big bang, says David Spergel, a theoretical 
astrophysicist at Princeton University and 
member of the WMAP team. 

Knowing when the stars turned on and the 
fog of electrons emerged, researchers refined 
their analysis of the temperature variations, 


whYWieRGePabiedyfiexasehts; thx dhrchupport he 


results rule out certain models of inflation, the 
mind-boggling expansion that took place in the 
universe’s first split second, Spergel says. “This 
is a powerful step toward winnowing the field 
of contenders of how inflation took place,” 
says Brian Greene, a theoretical physicist at 
Columbia University. 

The polarization fluctuations are only a 
hundredth as pronounced as the temperature 
variations, and checking and rechecking the 
analysis took longer than researchers expected, 
Bennett says. “It wasn’t anything fundamental 
that was difficult, but a lot of little things that 
had to be done right,” he says. 

Next, researchers hope to detect tiny swirls 
in the microwave background, which would be 
a sign of gravity waves from the big bang itself. 
But those swirls should be fainter still and may 
fall to WMAP’s successor, Europe’s Planck 
satellite, scheduled for launch in 2007. 

—-ADRIAN CHO 
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ORGANIC ELECTRONICS 


Plastics Break the Speed Barrier 


Conducting plastics have long been a bit of a 
tease. Depending on their makeup, they can 
carry a current freely like metals or switch on 
and off like semiconductors. But when it 
comes to making transistors and other elec- 
tronic devices, semiconducting plastics have 
been slowpokes. Even amorphous silicon, the 
low-grade silicon used to make the transistor 
arrays that drive liquid crystal displays, whisks 
electrical charges along almost an order of 
magnitude faster than semiconducting plastics 
do. That’s a major reason plastics haven’t 
dethroned amorphous silicon in large-scale 
applications. But new work from researchers 
in the United Kingdom and the United States 
could change all that. 

In a paper published online this week by 
Nature Materials, researchers led by Iain 
McCulloch, a polymer chemist at Merck 
KGaA in Southampton, U.K., report making 
plastic-based transistors that ferry electrical 
charges at nearly the same speed as amorphous 
silicon, a sixfold improvement over the previ- 
ous generation of materials. “That’s a very sig- 
nificant improvement” and could give plastic 
electronics a major push into electronics appli- 
cations, says Zhenan Bao, a plastic electronics 
expert at Stanford University in California, 
who helped develop a previous record holder. 

The speed boost could finally help plastic 
electronics take advantage of their other sell- 
ing points. Chief among these is their ease of 
fabrication. Unlike amorphous silicon, which 
must be grown in a vacuum chamber, plastics 
can be laid down from solution. That opens the 
door to patterning huge arrays of devices with 
what amounts to an ink-jet printer or other 
simple and cheap technologies. Plastic elec- 
tronics researchers have been doing just that 
for over a decade. But when researchers first 
started laying down plastic conductors and 
semiconductors from solution in the early 
1990s, the molecules in their films formed a 
jumble, like straw strewn on the ground. That 
disorder made it hard for conducting electrical 
charges to hop from one molecule to another in 
their devices, slowing their speed to a crawl. 

Bao and her colleagues, then at Lucent 
Technologies’ Bell Laboratories, improved 
matters in 1996 when they came up with new 
semiconducting polymers known as regio- 
regular polyhexylthiophenes. These plastics 
contained a series of ring structures in the 
polymer backbone with hydrocarbon arms that 
hung off the sides. Because the rings on neigh- 
boring molecules preferred to lie flat atop one 
another, the polymers automatically stacked 
themselves into perfectly ordered 20-to- 
50-nanometer crystals. On surfaces, the crys- 
tals packed side by side like bricks in a patio, 
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Crystal power. New semiconducting plastics form 
large crystals that help whisk electrical charges at 
higher speeds than ever before. 


forming a continuous sheet. Thanks to that 
orderly pattern, electrical charges jogged 
through the films at 0.1 centimeters squared 
per volt per second (cm?/V-s)—a respectable 
speed, but still only 1/10 as fast as in the best 
amorphous silicon films. The charges, it 
turned out, still ran into speed bumps each 
time they tried to hop from one tiny crystal in 
the sheet to the next. 

McCulloch and his colleagues at the Palo 
Alto Research Center in California and Stan- 
ford decided to remove some of those speed 
bumps by growing larger crystals. They 
started with regioregular polythiophenes and 
fused a pair of neighboring rings at regular 
intervals along the polymer backbone. The 
rings locked the arms into a flatter shape and 
made it energetically even easier for neigh- 
boring molecules to stack side by side. As a 
result, crystallites in their film grew larger, 
to about 200 nanometers across, and the 
speed of charges in their devices ultimately 
reached 0.6 cm2/V-s. As a bonus, McCulloch 
says, the fused rings also are harder for oxy- 
gen atoms to break apart, making the plastics 
more resistant to degradation when exposed 
to air or water, another common problem 
with conducting plastics. 

McCulloch says the new plastics still need 
improvements before they can replace amor- 
phous silicon. For one, because the materials 
are still prone to degradation, researchers must 
find ways to hide them from air. If they succeed, 
perhaps plastic electronics will stop teasing and 
getYWYerG ferbudindsesents-ROBERT Sup—FRVICE 
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Boehlert Bids Bye-Bye 


It's hard out there for a term-limited chariman. 
Forced by House rules to step down at the 
end of the year as chair of the science com- 
mittee, Representative Sherwood Boehlert 
(R-NY) last week announced he would not 
run for a 13th term in November. He’s the 
fifth Republican who has chosen to leave 
Congress instead of returning without a 
leadership post after reaching the 6-year 
limit. His retirement, coming in his 70th year 
and 2 years after he had successful heart 
bypass surgery, will also deprive science of 
one of its staunchest supporters. 

“The scientific community will never know 
or appreciate the extent to which he has been 
their advocate,” says Representative Vernon 
Ehlers (R—-MI), a former college physics profes- 
sor and a colleague on the committee. “He's 
been indefatigable in arguing and fighting for 
science.” Ehlers would like to succeed Boehlert, 
if the Republicans retain control of the House 
this fall, but Representative Ralph Hall (R-TX) 
has the most seniority on the panel. Represen- 
tative Bart Gordon (D—TN) has the inside track 
if the Democrats prevail in November. 

—JEFFREY MERVIS 


Travel Rules Rile Researchers 


A controversial Bush Administration decision 
to cap the number of government researchers 
allowed to attend meetings outside the coun- 
try apparently doesn’t apply when the United 
States is the host—even if the meeting is 
across the ocean (Science, 24 February, 

p. 1086). AIDS scientists are scratching their 
heads over the logic behind a 50-person limit 
for the International AIDS Conference in 
Toronto in August when none exists for a simi- 
lar meeting this June in Durban, South Africa, 
sponsored by the Office of the U.S. Global 
AIDS Coordinator in the State Department. 

Mark Wainberg, co-chair of the Canadian 
conference, says the goals of the two meet- 
ings “overlap to a considerable extent,” and 
that the Toronto location was chosen largely 
for its proximity to the United States. The bill 
for travel to Durban “could have sent a lot of 
people to Toronto,” he says. 

State Department spokesperson Kristin 
Pugh contends that the 50-person limit, 
adopted last year by Congress, “doesn’t 
apply” because the Durban meeting is spon- 
sored by the U.S. government. No such 
exemption exists in the legislation, which 
refers only to any “international conference 
occurring outside the United States.” But 
Pugh says the department's policy will 
“comply with U.S. law.” -JON COHEN 
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Cancer Institute Director Tapped for FDA 


The National Cancer Institute (NCI) will be 
getting a new leader following the nomination 
last week of its controversial director Andrew 
von Eschenbach to head the U.S. Food and 
Drug Administration (FDA). As Science went 
to press, federal officials said von Eschenbach 
would step down “soon.” 

The $4.8 billion NCI is the National Insti- 
tutes of Health’s (NIH’s) largest institute and 
the only one whose director is appointed by the 
president. A urologic surgeon and three-time 
cancer survivor, von Eschenbach arrived 
4 years ago from the University of Texas M. D. 
Anderson Cancer Center in Houston, where he 
became friends with former president George 
H. W. Bush and his family. Von Eschenbach’s 
tenure at NCI has been rocky, not least of all 
because he set the contentious goal of elimi- 
nating suffering and death from cancer 
by 2015. He also launched initiatives in 
nanomedicine, proteomics, and other areas at 
the same time success rates have dropped for 
investigator-initiated grant proposals. 

Von Eschenbach was named acting FDA com- 
missioner last fall after the surprise resigna- 
tion of Lester Crawford (ScienceNOW, 
26 September 2005, 
jorg/cgi/content/full/2005/926/I]). After law- 
makers protested that the two jobs posed a 
conflict of interest and too heavy a workload, 
von Eschenbach turned over day-to-day opera- 
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Rolling along. NCI’s Andrew von Eschenbach, shown promoting a drug 
company-sponsored bicycle tour to fight cancer, is headed to FDA. 


tions at NCI to John Niederhuber, a former 
University of Wisconsin surgical oncologist 
who joined NCI as a deputy director last fall. 
A fight over FDA’s handling of Plan B, the 
“morning after” pill, will likely slow von 
Eschenbach’s confirmation in the Senate. 
Hillary Clinton (D-NY) and Patty Murray 
(D—WA) want the agency first to rule on 
whether the drug, now sold by prescription, 
should be made available over the counter, 
as many scientists and FDA officials have 
advocated. In August, Crawford announced 
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he was putting off a decision 
indefinitely. 

Von Eschenbach’s nomina- 
tion is also likely to face some 
opposition. Citing the 2015 
goal, Sidney Wolfe of the 
Washington, D.C.—based con- 
sumer activist group Public 
Citizen says von Eschenbach 
“continues to exhibit extra- 
ordinarily bad judgment” at 
NCI and is “a very bad 
choice to head this critical 
agency [FDA].” 

Two days after von Eschen- 
bach was nominated, Nieder- 
huber notified NCI staff that he 
would continue overseeing 
day-to-day operations until an 
acting director is announced. Several promi- 
nent cancer researchers told Science they 
hope the White House will launch a national 
search for von Eschenbach’s successor. “Let’s 
look for the very best person in the United 
States who’s willing to take this job on,” says 
John Mendelsohn, president of M. D. Ander- 
son. Applicants may be scared away, however, 
by the prospects of a declining NCI budget, a 
lame-duck Administration, and tight new con- 
flict-of-interest rules for NIH senior officials. 

-JOCELYN KAISER AND JENNIFER COUZIN 
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Studies Suggest Why Few Humans Catch the H5N1 Virus 


This week, two research groups are independ- 
ently reporting results that help explain why 
the H5N1 avian influenza virus is so lethal to 
humans but so difficult to spread. Unlike 
human influenza viruses, the teams report, 
HSN1 preferentially infects cells in the lower 
respiratory tract. Residing deep in the airways, 
the virus is not easily expelled by coughing 
and sneezing, the usual route of spread. The 
results “explain a lot of the mysteries” sur- 
rounding H5N1, says K. Y. Yuen, a virologist 
at the University of Hong Kong. 

A better understanding of the virus couldn’t 
be more timely. Endemic in much of Asia, 
HSN1 has recently spread through Europe and 
to Africa. It has killed 98 of the 177 humans it 
has infected. Flu experts worry that if the virus 
mutates into a form that could be easily passed 
among humans, it could spark a pandemic. 
The two reports, which used different strate- 
gies but reached the same conclusion, suggest 
just what sort of mutation would be needed. 

One team, led by Yoshihiro Kawaoka of 
the University of Wisconsin, Madison, tested 
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various tissues of the human respiratory tract 
for receptors to which the virus can bind. 
Human flu viruses preferentially bind to what 
are known as a 2,6 galactose receptors, which 
populate the human respiratory tract from the 
nose to the lungs. Avian viruses prefer a 2,3 
galactose receptors, which are common in 
birds but were thought to be nearly absent in 
humans. Using marker molecules that bind to 
one receptor or the other, the team found that 
humans also have a 2,3 galactose receptors, 
but only in and around the alveoli, structures 
deep in the lungs where oxygen is passed to 
the blood. They describe their findings in the 
23 March issue of Nature. 

The second team, led by pathologist Thijs 
Kuiken of Erasmus University in Rotterdam, 
the Netherlands, used a more direct technique 
to show that H5N1 readily binds to alveoli but 
not to tissues higher up in the respiratory 
tract. Kuiken, whose team publishes its find- 
ings online this week in Science 
isciencemag.org/cgi/content/abstract/ 1125548) 
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autopsies that have shown heavy damage to 
the lungs but little involvement of the upper 
respiratory tract. Among experimental ani- 
mals, the team reports, cats and ferrets more 
closely match the human pattern of infection 
than do mice and macaques. “This is an 
important factor to consider when planning 
experiments” to understand the pathology of 
H5N1, says Yuen. 

Yuen notes that the findings also explain 
clinical anomalies such as why nasal swabs of 
HS5N1 patients are less reliable than throat 
swabs in detecting the virus. And they sug- 
gest that clinicians need to exercise particular 
care when performing procedures, such as 
intubation, that might give the virus a route 
out of a patient’s lungs. 

The risk of a pandemic would ratchet up 
substantially should the virus acquire the abil- 
ity to bind to receptors in the upper respiratory 
tract, Kuiken warns. But just how difficult that 
mutation is to acquire “is something this 
research did not address,” he says. 

—DENNIS NORMILE 
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CONDENSED-MATTER PHYSICS 


Free-Flowing Supersolid Confirmed, 
But Origins Remain Murky 


BALTIMORE, MARYLAND—Two years ago, a 
team of physicists created a stir by reporting 
that solid helium could flow without resist- 
ance, like a liquid devoid of viscosity. Now, 
three other groups have reproduced the 
bizarre effect. But data presented here last 
week at the March meeting of the American 
Physical Society also suggest that the 
“supersolid” flow occurs only in crystals rid- 
dled with defects. 

“The more perfect the crystal, the less 
supersolid there is,” says Ann Sophie Rittner 
of Cornell University. That observation sug- 
gests the flow is not an intrinsic property of 
crystalline helium, as the most exotic expla- 
nation would have it. 

The first signs of supersolidity were spot- 
ted by Eunseong Kim and Moses Chan of 
Pennsylvania State University in State Col- 
lege in a tiny can filled with pressurized 


Defective. New data suggest supersolid flow can occur in a defect- 
riddled helium crystal (top), but not in an orderly one. 


solid helium-4, the heavier isotope of helium 
(Science, 1 July 2005, p. 38). When they set 
the can twisting atop a thin shaft and cooled 
it below 0.2 kelvin, the frequency of the 
twisting suddenly shot up. 

The jump indicated that about 1% of the 
helium had let go of the can and was standing 
still as the rest of the helium crystal continued 
to gyrate. And that implied the solid helium 
flowed freely through itself. Theorists dis- 
agree on how that might occur, however, or 
whether it’s possible in a perfect crystal. And 
until now experimenters hadn’t reproduced 
the spectacular results. 
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New experiments also reveal the helium 
letting go, says Keiya Shirahama of Keio Uni- 
versity in Yokohama, Japan. “We have 
confirmed the Kim and Chan observation,” 
Shirahama says. Minoru Kubota and colleagues 
at the University of Tokyo have obtained similar 
results, as have Rittner and John Reppy of 
Cornell. But Rittner and Reppy say the flow 
vanishes when they heat the crystal to just below 
its melting temperature and slowly cool it, a 
process called annealing that eliminates defects. 

Chan says he sees no such effect, but Rittner 
and Reppy’s data suggest that supersolidity is 
not an inherent feature of crystalline helium-4. 
Other experiments seem to support that conclu- 
sion. Kim, now at the Korea Advanced Institute 
of Science and Technology in Daejeon, and 
Chan have found that the supersolid signal 
reaches its maximum when their helium-4 
contains several parts per million of the lighter 
isotope helium-3. It shrinks steadily 
as the helium-3 concentration falls 
to the lowest achieved level of a 
part in a billion. 

Chan’s group also sees no clear 
spike in the specific heat—the 
amount of heat needed to raise the 
temperature a fixed amount— 
which ought to accompany the 
onset of superflow ina crystal. And 
Yuki Aoki and Haruo Kojima of 
Rutgers University in Piscataway, 
New Jersey, have yet to spot a tell- 
tale type of sound caused by the 
free-flowing portion of the helium 
sloshing back and forth. 

The new results still leave 
physicists debating how the flow 
occurs. Some had argued that it 
might arise when many helium 
atoms crowd into a single quantum 
wave in a phenomenon called 
Bose-Einstein condensation. That 
weird effect enables liquid helium-4 
to flow without resistance, but some theorists 
argue that it is impossible in a well-ordered 
crystal. The new data make Bose-Einstein con- 
densation in the solid “very unlikely,” says 
David Ceperley, a theorist at the University of 
Illinois, Urbana-Champaign. 

Others aren’t so sure. Boris Svistunov of 
the University of Massachusetts, Amherst, 
and colleagues argue that the helium may 
jumble together to form a kind of glass. The 
atoms in the disorderly solid might undergo 
Bose-Einstein condensation, Svistunov says. 
That would make it a glass more than half- 
ful ver iRrouglyBresents, Thx faxDRigibtHo 
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Senate Boosts NIH Budget Hopes 


Biomedical researchers cheered last week 
after the Senate agreed that health and edu- 
cation programs should get $7 billion more 
next year. Although the number is part of a 
nonbinding budget resolution, the vote makes 
it more likely that the National Institutes of 
Health (NIH) will receive an increase rather 
than the level $28.6 billion budget that Presi- 
dent George W. Bush requested for 2007. 
Many thousands of scientists sent letters sup- 
porting the resolution, according to the Fed- 
eration of American Societies for Experimental 
Biology. The next move is up to twin congres- 
sional spending committees. Scientists may 
once again have to take up their pens, how- 
ever, as the House has been less generous 
toward NIH in recent years than has the Senate. 
-JOCELYN KAISER 


French Researchers Hear 
Promises, Promises 


PARIS—Scientists are dismayed by what's 
missing from a reform of the national 
research agenda that was expected to be 
passed this week by the French legislature. 

The biggest problem, according to 
Edouard Brézin, president of the French Acad- 
emy of Sciences, is a broken promise to index 
research funding to inflation (Science, 10 March, 
p. 1371). This omission would create a fund- 
ing gap of roughly $500 million a year, Brézin 
claims. While research minister Francois 
Goulard has promised to adopt such indexing 
if his Conservative Party is reelected in 2007, 
the Socialist opposition has pledged to raise 
research spending by 10%. 

—-BARBARA CASASSUS 


Russia Probes Defense Scientist 


The Russian security services are investigating 
a well-known Siberian physical chemist on 
suspicion of divulging state secrets. Oleg 
P. Korobeinichev, 65, who heads a research 
laboratory at the Institute of Chemical Kinetics 
and Combustion in Novosibirsk, has not been 
formally charged, but he has been ordered not 
to leave the country. Neither the government 
nor Korobeinichev is commenting on the case. 

Korobeinichev’s lab specializes in the struc- 
ture of flames of gaseous and condensed 
systems, work that has had applications to the 
weapons and space industries. Its more recent 
efforts to develop technology for the disposal of 
chemical weapons involve collaborations with 
Cornell University, Sandia National Laborato- 
ries, and the National Institute of Standards and 
Technology, according to its Web site. 

-BRYON MACWILLIAMS 
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IMMUNOLOGY 


Diabetes Studies Conflict on 
Power of Spleen Cells 


Three separate attempts have 
failed to replicate promising 
results that electrified the dia- 
betes community 2 years ago. 
The outcome severely weakens 
the theory that the spleen cra- 
dles stem cells with curative 
powers against mouse dia- 
betes. But some researchers, 
including the leader of the 
original studies, haven’t given 
up on the idea. 

“An experimental result is 
not a valid one until it’s been 
repeated,” says Diane Mathis 
of the Joslin Diabetes Center 
in Boston, Massachusetts. 
That’s one reason her team and 
two others set out to duplicate 
startling findings published 
more than 2 years ago. Both 
the original and the recent studies reversed 
diabetes in ailing mice. But the recent studies 
attribute that reversal to a therapy that’s too 
toxic for humans, although it has previously 
been used to prevent, and occasionally treat, 
mouse diabetes. 

The story began in 2001, when Denise 
Faustman of Massachusetts General Hospital 
in Boston and her colleagues described in 
The Journal of Clinical Investigation a com- 
bination of standard and novel strategies for 
treating diabetic mice. Her team gave dia- 
betic animals an immune-modulating agent 
along with donor spleen cells. As is fairly 
common in such studies, the mice also got a 
temporary transplant of new islets, which 
include insulin-producing beta cells; the 
islets weren’t curative, but they normalized 
the animals’ blood sugar to give the other 
treatments a chance to take effect. 

When the sugar-stabilizing islets were 
removed, Faustman reported, 78% of the 
mice maintained normal blood sugar. Pub- 
lishing more detailed work in Science in 
2003, the team obtained cure rates as high as 
90%. Furthermore, Faustman and her col- 
leagues detected donor spleen cells that had 
morphed into beta cells and shown up in the 
animals’ pancreases. 

The work engendered special hope. 
Unlike traditional islets, which must be culled 
from cadaver pancreases in short supply, 
“here you would have the possibility of col- 
lecting spleens” that people “don’t really 
need,” says Louis Philipson of the University 
of Chicago, Illinois. “That promise ... 
demanded that there be some sort of replica- 
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Inconsistent observation. A 2003 Science paper reported that 
donor spleen cells (labeled in pink) could morph into pancreatic islets 
in a diabetic mouse. But other scientists have seen no hint of donor 
cells in their experiments. 


tion.” Starting on page 1774, the three 
groups—Joslin’s Mathis, Christophe Benoist, 
and their colleagues; Philipson, Anita Chong, 
and their colleagues at Chicago; and Emil 
Unanue, Anish Suri, and colleagues at Wash- 
ington University in St. Louis, Missouri— 
describe efforts to do just that. 

Following the Faustman protocol, the 
three injected between 22 and 53 diabetic 
animals with the immune modulator, called 
complete Freund’s adjuvant (CFA). Contain- 
ing killed bacteria that cause tuberculosis, 
CFA provokes a massive immune response 
and protects the pancreas from attack. It has 
previously been found to prevent and, some- 
times, cure mouse diabetes. The immune 
reaction it triggers, however, is considered 
too hazardous for humans. 


“That promise [of the earlier 
experiment] ... demanded 
that there be some sort 
of replication.” 
—Louis Philipson, 
University of Chicago 


Along with a CFA shot, the mice received 
injections of spleen cells from donor animals. 
Functioning islets were also wedged under 
their kidney capsules for 120 days to keep ani- 
mals healthy during treatment. 

“The [spleen] injections did not take,” says 
Unanue. No group detected donor spleen cells 
in Witebi6 Riaudhnipaseantk:s diner Soppoertew 


beta cells in the pancreas, suggesting that the 
immune system had destroyed them. 

However, like Faustman and her col- 
leagues, all the groups successfully treated a 
subset of animals, although their “cure” rates 
were lower, roughly 10% to 25%. These ani- 
mals, as well as some others that weren’t 
cured, were found to have some beta cells in 
their pancreases, suggesting that mice can 
retain or perhaps regenerate the cells after dia- 
betes develops. This finding is consistent with 
earlier mouse work and is increasingly sus- 
pected to apply to humans with newly diag- 
nosed diabetes. But because the three groups 
could not detect spleen-derived beta cells, and 
because treatment with CFA and islets alone 
yielded the same results as when spleen cells 
were added to the mix, the groups attribute 
these cures to CFA and temporary islets. 

“It’s hard to know what to say,” admits 
Kevan Herold, an endocrinologist at Colum- 
bia University. The groups “went to extremes” 
to replicate the spleen cell findings and were 
unable to do so. 

Faustman disagrees with this interpreta- 
tion on several levels. The important point, 
she says, is that in every experiment mice 
were cured, an outcome she calls “fantastic.” 
The spleen cells, she adds, were “a minor 
point” in her paper. Still, she says she is cer- 
tain that spleen cells can become beta cells 
and suggests that the groups used techniques 
too weak to detect them. 

Neuroanatomist Eva Mezey of the Nat- 
ional Institute of Dental and Craniofacial 
Research in Bethesda, Maryland, endorses the 
idea that in mice, spleen cells can be a power- 
ful mediator of autoimmune disease. With 
help from the Faustman lab, she has success- 
fully tested CFA and spleen cells against the 
autoimmune disease Sjégren’s syndrome in a 
handful of mice; the work is not yet pub- 
lished. In diabetes, another autoimmune dis- 
ease, Mezey believes that CFA can jump-start 
residual beta cells, and that spleen cells can 
create new ones if none remain naturally. 

But most diabetes experts consider the 
spleen question settled. The problem now, says 
George Eisenbarth, executive director of the 
Barbara Davis Center for Childhood Diabetes 
at the University of Colorado Health Sciences 
Center in Denver, is that using CFA to cure 
mice is probably not relevant to humans. CFA’s 
effects on mice have been studied for years, 
and a related but less toxic substance, the 
tuberculosis vaccine BCG, has failed to 
counter human diabetes. Faustman is raising 
money through the Iacocca Foundation to test 
BCG again (Science, 27 August 2004, p. 1237). 
Diabetes experts disagree whether, in light of 
these new findings, additional experiments 
with BCG should be considered. 

—JENNIFER COUZIN 
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Turmoil Threatens to Sink Canadian Journal 


TORONTO—Canada’s premier journal of 
medical science continues to implode in the 
wake of allegations of censorship by its pub- 
lisher, the Canadian Medical Association 
(CMA). The 20 February firing of Editor 
John Hoey and Deputy Editor Anne Marie 
Todkill (Science, 3 March, p. 1226] has 
prompted the resignations of 14 of 19 board 
members and a succession of senior and 
intermediate CMA Journal editors, as well as 
calls for a boycott. Researchers fear the loss 
of an important outlet for Canadian science. 

“The CMAJ no longer exists as we knew 
it,” says Amir Attaran, an associate professor 
of health law at the University of Ottawa, 
who wants researchers and reviewers to boy- 
cott the journal unless CMA reinstates Hoey 
and Todkill or explains more fully why it dis- 
missed them. “It would be sad if such action 
were to lead to the CMAJ’s demise, but it 
would still be preferable to accepting any- 
thing less than a fully free journal.” 

CMA officials say Hoey and Todkill were 
fired without notice because a “fresh 
approach” was required. But most observers 
believe it was the final step in a series of 
clashes over articles and editorials Hoey 


RESEARCH MISCONDUCT 


published during his 10-year reign and his 
commissioning of an outside panel that last 
month issued a scathing report of CMA’s 
behavior. Hoey has declined comment due to 
a confidentiality agreement he and other edi- 
tors signed with the CMA last year. 

The Ottawa-based journal is now under 
its third acting editor, and only three of nine 
section editors remain on staff. Noni Mac- 
Donald, a pediatrician and medical pro- 
fessor in Halifax, Nova Scotia, says she 
stepped in as editor after the CMA prom- 
ised to investigate how the journal is 
managed and adopt guidelines employed by 
the Journal of the American Medical Asso- 
ciation to protect editorial independence. 
MacDonald was a member of the journal’s 
Oversight Committee, which departing 
editorial board members say failed to pre- 
serve the journal’s editorial independence. 

In the meantime, MacDonald warns, a 
boycott could be fatal. “What’s the goal 
there?” she asks. “To kill the journal, so we 
have no voice for national research issues?” 

CMAJ’s influence has been rising, say 
scientists, according to both quantifiable 
measures such as impact factor and anec- 


Seoul National University Dismisses Hwang 


SEOUL—Seoul National University’s (SNU’s) 
disciplinary committee announced on 20 March 
that it would dismiss disgraced cloner Woo Suk 
Hwang, a professor at its Veterinary College, for 
his involvement in fabricating data. Six other 
professors and co-authors on the two papers on 
embryonic stem cell cloning, which were pub- 
lished in 2004 and 2005 and later retracted from 
Science, received lighter sentences. 

Atapress conference, Chang Ku Byun, dean 
of academic affairs, said dismissal is the harsh- 
est punishment the committee could impose. 
Hwang will be banned from working in a public 
position for 5 years after his dismissal and will 
receive only half of his retirement money. 

According to Byun, Hwang said that he 
would take all responsibility for the fabrica- 
tion because he was the leader of the cloning 
project. In particular, Hwang admitted to 
ordering a junior researcher to take photo- 
graphs of two stem cell lines in the 2005 
article so that it would look as if the team had 
created 11 customized stem cell lines. 

The committee also suspended four other 
professors and cut the wages of two. Shin Yong 
Moon and Sung Keun Kang were both sus- 
pended for 3 months; Byung Cheon Lee and 
Curie Ahn were suspended for 2 months. They 
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Fired. SNU’s disciplinary committee has dismissed Hwang for 
fabricating data. 


all will receive one-third of their wages during 
the suspension period and are not eligible for 
promotions for an additional 18 months. 
Chang Gyu Lee and Sun Ha Baek will have 
their wages deducted by one-third for 1 month. 

“The professors fundamentally went back on 
the values of integrity and honesty that should 
have been kept as an academic and professor of 
a nvieRGl RrowdlyiBresBytay Tdi fETSergpathed 


dotal evidence. “Ten years ago, this journal 
was just another throwaway publication pro- 
duced by the doctors’ association,” says 
Jacques Pepin, a microbiologist at the Uni- 
versity of Sherbrooke in Quebec. “Under 
Hoey and Todkill, it has become an interest- 
ing journal for clinicians. ” 

In August 2004, for example, CMAJ pub- 
lished Pepin’s analysis of an outbreak of 
Clostridium difficile bacterial infections that 
had killed 200 patients in Quebec hospitals. 
Pepin says the paper alerted authorities in 
other countries about the difficulty of control- 
ling the infection, which subsequently showed 
up in the United States. “For 18 months or so, 
the CMAJ was the only international journal 
with new research [on the outbreaks],” he says. 

Retired Canadian Supreme Court judge 
Antonio Lamer is leading a review of gover- 
nance issues at the journal. But Pepin and 
others are worried that their recommendations 
may not go far enough. “The CMA seems not 
to have carefully planned any of its actions,” 
Pepin says. “We are worried the CMAJ may be 
headed back to throwaway status.” 

—PAUL WEBSTER 
Paul Webster writes from Toronto, Canada. 


that the committee imposed com- 
paratively harsher punishment on 
Moon and Kang because Moon was 
a co-author of the 2004 paper and 
Kang was working in the same lab 
as Hwang and was deeply involved 
in the data manipulation. Lee and 
Baek were listed as co-authors but 
did not make any contributions to 
the paper, Byun added. 

Meanwhile, the special inves- 
tigative team of Seoul Central 
Prosecutors’ Office said, also on 
20 March, that the initial contam- 
ination of stem cells in January 
last year was not deliberate, as 
they had previously thought, but 
arose from “accidents” by the re- 
searchers. The prosecutors are still 
investigating whether stem cells from Hwang’s 
project were intentionally switched with those 
of MizMedi Hospital, which collaborated with 
Hwang on the research. The prosecutors, who 
are also examining how Hwang spent state 
funds and private donations, hope to conclude 
their investigations early next month. 

-YVETTE WOHN 

Yvette Wohn is a reporter in Seoul. 
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MICROBIAL ECOLOGY 


How a Marine Bacterium Adapts 
To Multiple Environments 


Ahab chased a giant sperm whale through the 
seas for years. Sallie Chisholm has spent 
much of her professional career tracking far 
smaller denizens of the ocean: photosynthetic 
bacteria called Prochlorococcus. A marine 
microbiologist at the Massachusetts Institute 
of Technology (MIT), Chisholm helped 
discover these microbes 20 years ago. Now, 
she and her colleagues have charted the distri- 
bution of Prochlorococcus across the Atlantic 
Ocean and found that various strains congre- 
gate at different depths and places. 

Ina Research Article on page 1737 of this 
issue of Science, Chisholm’s team describes 
how water temperature and other environ- 
mental factors determine which strains thrive 
at particular places. And in a Report on 
[1768], she and her colleagues reveal newly 
discovered “guest” genes in two strains that 
may help each strain survive in particular 
ocean environments. The studies “give us 
a rare glimpse into the population genetics 
of a native population,” says 
Stephen Giovannoni, a marine 
microbiologist at Oregon State 
University in Corvallis. 

With 1700 genes, Prochloro- 
coccus has the smallest genome 
known for a free-living, photo- 
synthetic organism. Yet, in low- 
nutrient environments typical of 
deep oceans, it outnumbers all 
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other marine microbes and can 

account for up to 48% of net primary production 
there. Moreover, although all Prochlorococcus 
strains are quite closely related—at least accord- 
ing to traditional comparisons of their ribosomal 
RNA gene—Chisholm and her colleagues 
found a diversity of physiologically distinct 
strains, or ecotypes. For example, some grow 
best in dim light, whereas others require four 
times as much sunshine as their low- 
light-adapted peers. 

In 2003, Zackary Johnson, Chisholm’s 
postdoctoral fellow, surveyed the ocean dis- 
tribution of these ecotypes during a research 
cruise from Europe to the tip of South Amer- 
ica. He and another postdoc, Erik Zinser, 
used the polymerase chain reaction to iden- 
tify which ecotypes lived where. They also 
measured the biomass of Prochlorococcus 
and the amount of photosynthesis at specific 
depths at each sampling site. “This is the first 
[extensive] study about Prochlorococcus dis- 
tributions at the ecotype level,” says Jakob 
Pernthaler, a microbial ecologist at the Uni- 
versity of Zurich, Switzerland. “It’s an 
impressive data set.” 
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On the trip, water temperatures ranged 
from 5°C to 29°C, and nitrate, phosphate, 
silicate, and other nutrients utilized by 
Prochlorococcus were more abundant in the 
southern reaches. At certain sampling sites, 
two of the light-loving strains populated the 
surface in about equal numbers. And at 
depths of 50 meters, a low-light—adapted 
strain typically appeared, its abundance 
increasing with depth until about 75 meters 
down. Deeper down, a second low-light—adapted 
strain would take over. However, these distri- 
butions varied by latitude. Close to the equator, 
one low-light—adapted strain was as common 
at the surface as a high-light—adapted one. 
Together, these data provide “an ocean snap- 
shot of Prochlorococcus biogeography” that 
will aid the understanding of this organism’s 
ecology and role in the environment, says 
Eugene Madsen, a microbial ecologist at 
Cornell University. 

Edward DeLong, a microbiologist at MIT, 
also recently found stratification of the 
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_| Hot on the trail. Erik Zinser 

*/ searches for the cyanobacterium 
Prochlorococcus (inset). 
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His team, which included Chisholm 
and her postdoc Matthew Sullivan, sampled 
all the DNA in a water column from 10 meters 
to 4000 meters down, at a monitoring station 
off Hawaii. They then used a sophisticated 
computer program to assemble 
the bits of DNA into sequences 
large enough to identify genes 
and to get a read on which organ- 
isms were present. For example, 
that work showed that genes from 
high-light—adapted and low- 
light—adapted Prochlorococcus 
strains had different abundances 
at various depths. 

DeLong’s group also discov- 
ered high concentrations of bacte- 
rial viruses called phages at ocean 
depths where Prochlorococcus 
lives; the greatest concentrations 
were at a depth of 70 m. The second 
study by Chisholm’s team indicates 
that such phages are key to the 
adaptability of Prochlorococcus. 
Chisholm says that the viruses 
have inserted “islands” of genes 
into this bacterium, helping to cre- 
ate the various ecotypes she and 
others have found. In each strain, 
the islands are located in about the 
same place on the bacteria’s chro- 
mosome, but the genes they con- 
tain vary from strain to strain. 
“These are hot spots in the 
genomes that appear to be very 
dynamic,” says Chisholm. 

When Chisholm’s graduate 
student Maureen Coleman looked 
at these islands in two high- 
light—adapted strains growing in the lab, she 
found genes important for photosynthesis 
and for proteins for coping with stress, such 
as phosphorus deficiencies. Some of the 
islands’ genes were the same in all strains. 
But not always: Prochlorococcus collected 
from the Mediterranean had a gene likely to 
be important for nitrogen scavenging, but 
this gene was lacking in another strain. Thus, 
the island genes may enable various strains 
to thrive at particular depths, light intensi- 
ties, nutrient content, and temperatures. “The 
case is very strong that the islands and their 
variations play a role in [Prochlorococcus] 
evolution,” says Madsen. 

Pathogenic bacteria often have phage- 
delivered islands of DNA that contain genes 
for increased virulence or drug resistance, so 
it’s not unexpected that similar islands 
enhance Prochlorococcus’s survival, says 
Xabier Irigoyen of AZTI-Tecnalia in Pasaia, 
Spain. Nonetheless, Pernthaler notes, “it’s a 
great piece of science that will inspire follow- 
up for other marine bacteria.” 

—-ELIZABETH PENNISI 
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Startling amounts of ice slipping 
taken glaciologists by surprise; ne 
century's greenhouse emissions could 
the world to a catastrophic sea-level 


* 


A Wo rryl ng Trené . if 
Less Ice, Higher S 


HAVE AN URGE LATELY TO RUN FOR 
higher ground? That would be understandable, 
given all the talk about the world’s ice melting 
into the sea. Kilimanjaro’s ice cloak is soon to 
disappear, the summertime Arctic Ocean could 
be ice-free by century’s end, 11,000-year-old ice 
shelves around Antarctica are breaking up over 
the course of weeks, and glaciers there and in 
Greenland have begun galloping into the sea. 
All true. And the speeding glaciers, at least, 
are surely driving up sea level and pushing 
shorelines inland. 

Scientists may not be heading for the hills 
just yet, but they’re increasingly worried. Not 
about their beach houses being inundated any- 
time soon; they’re worried about what they’ve 
missed. Some of the glaciers draining the great 
ice sheets of Antarctica and Greenland have 
sped up dramatically, driving up sea level and 
catching scientists unawares. They don’t fully 
understand what is happening. And if they don’t 
understand what a little warming is doing to the 
ice sheets today, they reason, what can they say 
about ice’s fate and rising seas in the greenhouse 
world of the next century or two? 

That uncertainty is unsettling. Climatolo- 
gists know that, as the world warmed in the 
past, “by some process, ice sheets got smaller,” 
says glaciologist Robert Bindschadler of 
NASA’s Goddard Space Flight Center (GSFC) 
in Greenbelt, Maryland. But “we didn’t know 
the process; I think we’re seeing it now. And 
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it’s not gradual.” Adds geoscientist Michael 
Oppenheimer of Princeton University, “The 
time scale for future loss of most of an ice sheet 
may not be millennia,” as glacier models have 
suggested, “but centuries.” 

The apparent sensitivity of ice sheets to a 
warmer world could prove disastrous. The 
greenhouse gases that people are spewing into 
the atmosphere this century might guarantee 
enough warming to destroy the West Antarctic 
and Greenland ice sheets, says Oppenheimer, 
possibly as quickly as within several centuries. 
That would drive up sea level 5 to 10 meters at 
rates not seen since the end of the last ice age. 
New Orleans would flood, for good, as would 
most of South Florida and much of the 
Netherlands. Rising seas would push half a 
billion people inland. “This is not an experiment 
you get to run twice,” says Oppenheimer. “I find 
this all very disturbing.” 


Arush to the sea 

Much of the world’s ice may be shrinking under 
the growing warmth of the past several decades, 
but some ice losses will have more dramatic 
effects on sea level than others. Glaciologists 
worried about rising sea level are keying on the 
glaciers draining the world’s two dominant ice 
reservoirs, Greenland and Antarctica. Summer- 
time Arctic Ocean ice may be on its way out, but 
its melting does nothing to increase the volume 
of WeRGwRreurikaPiesdsts| daddy fil Simp antthe 


ocean. The same goes for floating ice shelves 
around Antarctic. The meltwater from receding 
mountain glaciers and ice caps is certainly raising 
sea level, but not much. 

The truly disturbing ice news of late is 
word that some of the ice oozing from the 
3-kilometer-thick pile on Greenland has 
doubled its speed in just the past few years. In 
the 17 February issue of Science, for example, 
radar scientists Eric Rignot of the Jet Propulsion 
Laboratory in Pasadena, California, and Pannir 
Kanagaratnam of the University of Kansas, 
Lawrence, analyzed observations made between 
1996 and 2005 by four satellite-borne radars. 
These synthetic aperture radars measure the 
distance to the surface during successive 
passes over a glacier. The changing distance 
can then be extracted by letting successive 
observations form interference patterns. The 
changing distance, in turn, translates to a 
velocity of the ice toward the sea. 

In central east Greenland, Kangerdlugssuaq 
Glacier more than doubled its speed from 2000 to 
2005, Rignot and Kanagaratnam found, from 
6 kilometers per year to 13 kilometers per year. 
That made it the fastest in Greenland. To the 
south, Helheim Glacier accelerated 60%. And 
on the west of Greenland, Jakobshavn Isbrae 
almost doubled its speed between 1996 and 
2005. The accelerations are “actually quite 
surprising,” says glaciologist Julian Dowdeswell 
of the University of Cambridge in the United 
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Going. Greenland glaciers like those dumping into 
Sondre Sermilik Fjord have sped up and retreated. 


Kingdom. Even at its slower speed, Jakobshavn 
had ranked as one of the fastest-flowing glaciers 
in the world, perhaps the fastest; now it’s just one 
of the pack. 

As glaciers draining the Greenland Ice Sheet 
are picking up speed, researchers are realizing 
that nothing has made up for the increased loss 
of ice. Greenland’s pile of ice is getting smaller. 
How much smaller is still being debated, if only 
because of the vast scope of an ice sheet. What 
goes out through glaciers is just one part of the 
equation: Ice sheets also lose mass by melting 
and gain it from snowfall. To gauge those gains 
and losses, Rignot and Kanagaratnam used 
previously published estimates of how the 
warming climate over Greenland has increased 
meltwater losses and slightly increased snowfall, 
making for a growing net loss in addition to the 
glacier flow. All told, the scientists find that 
the loss of mass from Greenland doubled from 
1996 to 2005, reaching 224 + 41 cubic kilometers 
per year. Los Angeles uses 1 cubic kilometer of 
water per year. 

In another approach to estimating mass 
balance, researchers sketch the changing shape 
and therefore volume of the ice sheet. In a paper 
just out in the Journal of Glaciology, glaciologist 
Jay Zwally of GSFC and colleagues use satellite 
radars to measure the height of the Greenland Ice 
Sheet’s broad plateau and airborne laser altimeters 
to monitor the height of glaciers draining to the 
coast, which are too small for satellite radars to 
see reliably. “We have strong evidence the ice 
sheet was near balance [during] the last decade 
of the 20th century,” says Zwally. “Our measures 
show a slight positive gain of 11 [cubic kilometers] 
per year” between 1992 and 2002. 

Global warming contrarians have already 
taken up Zwally’s result as evidence that nothing 
much is happening with the ice sheet, so there’s 
nothing to worry about. Zwally disagrees. 
“There’s no question there’s been an acceleration 
of some of Greenland’s glaciers over the last 
5 years,” after his surveys were completed, he 
says. “I would say that right now the current loss 
is 30 to 40 [cubic kilometers] per year,” he says, 
based on his gut feeling about the most recent 
radar and laser observations. 

That’s getting close to the mass loss reported 
last fall using a third approach: repeatedly 
weighing the ice sheet. Geophysicists Isabella 
Velicogna and John Wahr of the University of 
Colorado, Boulder, reported in Geophysical 
Research Letters how the two satellites of the 
Gravity Recovery and Climate Experiment 
(GRACE), flying in tandem, gauge the mass 
beneath them. They precisely measure the 
changing distance between them caused by the 
gravitational pull of the passing ice. Between 
2002 and 2004, GRACE found a loss of about 
82 cubic kilometers of ice per year. 
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All things considered, it 
seems clear that “Greenland has been shifting 
to a negative mass balance the last few years,” 
says glaciologist Richard Alley of Pennsylvania 
State University in State College. The same can 
be said for the West Antarctic Ice Sheet. All 
recent surveys have the far more massive 
East Antarctic Ice Sheet slowly gaining mass 
from increased snowfall. But that gain falls far 
short of compensating for the loss from West 
Antarctica. There, Zwally’s analysis has the ice 
shrinking by about 47 cubic kilometers per 
year. And Velicogna and Wahr, writing in this 
week’s issue of Science (p. 1754), report a 
GRACE-estimated loss of about 148 cubic 
kilometers per year. In West Antarctica, as in 
Greenland, the culprit is the acceleration of outlet 
glaciers in recent years 


Why the rush? 

The recent proliferation of galloping glaciers 
caught researchers unawares. “None of the 
models [of glacier flow] predict there should be 
such rapid change,” says glaciologist Ian Joughin 
of the University of Washington, Seattle (see 


Perspective on Jp. 1719). “If you look at a 
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Going under? Global warm- 
ing might trigger a 6-meter 
rise in sea level that would 
inundate coasts (red) worldwide. 
Southern Louisiana (left) and South 
Florida (lower right) would be hard hit. 


textbook, you’ll see an ice sheet 

response time of 1000 years or 
more.” That’s because models 

“treat ice sheets as a big lump of 

ice,” he says. They melt, or they 
don’t melt. 

In the case of West 
Antarctica, there is tentative 
agreement about what is 
triggering the acceleration of 

the glaciers. Around the 

Palmer Peninsula that juts north- 
ward from West Antarctica, the world’s strongest 
regional warming of the past 50 years first 
puddled the surface of ice shelves with meltwater. 
The meltwater then drove into the ice along 
growing cracks, breaking up shelves over a few 
weeks. Without the shelves to hold them back, 
apparently, the glaciers feeding them sped up 
(Science, 30 August 2002, p. 1494). To the south, 
where it’s still far too cold for surface melting, a 
third-of-a-degree warming of the ocean seems to 
have eaten away at the shelves jutting into the 
Amundsen Sea. That in turn sped up Pine Island 
Glacier and its neighbors. 

Around Greenland, however, both surface 
melting and shelf-bottom melting seem to be 
happening to some extent. Surface melting 
around the ice sheet’s periphery has increased 


Off to sea. The acceleration of glaciers draining both the Greenland and Antarctic ice sheets has meant more 
iceYMfek Grtrdudl ynBreseatevdlhxstorrGuypptiré world. 
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in recent years. Some of the melt- 
water plunges into open crevasses, 
where Zwally has shown that it 
can lubricate the bottom of the ice 
and accelerate ice flow. But, as 
Bindschadler argues on 
of this issue of Science, the 
accelerating Greenland glaciers all 
flow through deep troughs that 
expose the ice to any warming ocean 
water, and all lost their buttressing ice 
shelves before or during acceleration. 
So both mechanisms are plausible 
drivers of glacier acceleration, but 
glaciologists cannot agree on their 
relative importance. 


Whither the world’s ice 

If the recent behavior of ice sheets 
is not fully understood, their 
future is largely a blank. “We don’t 
actually understand what’s driving 
these higher velocities,” says 
Dowdeswell, so “it’s difficult to say 
whether that’s going to continue,” 
or spread. 

At the moment, ice loss from 
Greenland and West Antarctica 
combined is contributing less than 
half of the ongoing 2-millimeters- 
per-year rise in sea level; the rest comes from 
melting mountain glaciers and the simple 
thermal expansion of seawater. If the recent 
surge of ice to the sea continues, sea level 
might reach something like half a meter 
higher by 2100. That would be substantial but 
not catastrophic. To produce really scary rises 
really fast (say, a meter or more per century), 
the air and water will have to continue 
warming in the right—or wrong—places. The 
temperature rise will have to spread north- 
ward around Greenland and in the south 
around West Antarctica, reaching the big ice 
shelves where most of that ice sheet drains. 
And glacier accelerations triggered near the 
sea must propagate far inland to draw on the 
bulk of an ice sheet. 

Faced with uncertainty about the present, 
paleoclimatologists look to the past. About 
130,000 years ago, between the last two ice 
ages, the poles may have warmed as much as 
they will with only a couple of degrees of 
global warming. But sea level was consider- 
ably higher then, something like 3 to 4 meters 
higher. In two articles in this issue of Science, 
paleoclimatologist Jonathan Overpeck of the 
University of Arizona, Tucson (p. 1747), 
paleoclimate modeler Bette Otto-Bliesner of 
the National Center for Atmospheric 
Research in Boulder (p. 1751), and their col- 
leagues consider whether the greenhouse 
world of a century hence might be as warm— 
and thus as destructive of ice—as during the 
previous interglacial. 
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Not just the heat. Greenland glaciers retreat (tan area) 
when warmer ocean water destroys their lower reaches or added meltwater lubricates their undersides. 


First they simulated the climate of 130,000 
years ago. Back then, Earth was tilted slightly 
more on its axis, so more solar radiation hit the 
high northern latitudes, driving warming 
there. Because the model included that added 
radiation, it had Greenland warming by about 
3°C in the interglacial period. When that 
warming was put into a model of the ice sheet, 
the ice melted away slowly (because the model 
lacked any acceleration mechanisms) until 
about half remained. That produced enough 
meltwater to raise sea level 2 to 3 meters. 
Overpeck and colleagues suggest that another 
couple of meters of sea level rise could have 
come from West Antarctica; it was not as 
warm there, but much of the ice sheet lies 
below sea level, making it inherently unstable. 

When the climate model simulates the next 
140 years of rising greenhouse gases, Greenland 
warms as much by 2100 as it did in the previous 
interglacial and would thus—eventually—melt 
as much. “Ice sheets have contributed meters 
above modern sea level in response to modest 
warming,” Overpeck and his colleagues con- 
clude, and “a threshold triggering many meters 
of sea-level rise could be crossed well before the 
end of this century.” 

The paleoclimate argument for large, immi- 
nent ice losses “is fascinating and scary at the 
same time,” says Oppenheimer. “Paleoclimate 
always has a large amount of uncertainty, [but] 
we should take this as a serious warning sign. 
You could lock in a dangerous warming during 
thisYeRGr¥Poudly Presents, Thx for Support 
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when warming increases melting, but they can also accelerate 


An icy conundrum 

The ice sheet problem today very much resem- 
bles the ozone problem of the early 1980s, before 
researchers recognized the Antarctic ozone hole, 
Oppenheimer and Alley have written. The stakes 
are high in both cases, and the uncertainties are 
large. Chemists had shown that chlorine gas 
would, in theory, destroy ozone, but no ozone 
destruction had yet been seen in the atmosphere. 
While the magnitude of the problem remained 
uncertain, only a few countries restricted the use 
of chlorofluorocarbons, mainly by banning their 
use in aerosol sprays. 

But then the ozone hole showed up, and 
scientists soon realized a second, far more 
powerful loss mechanism was operating in the 
stratosphere; the solid surfaces of ice cloud 
particles were accelerating the destruction of 
ozone by chlorine. Far more drastic measures 
than banning aerosols would be required to 
handle the problem. 

Now glaciologists have a second mechanism 
for the loss of ice: accelerated flow of the ice 
itself, not just its meltwater, to the sea. “In the 
end, ice dynamics is going to win out” over 
simple, slower melting, says Bindschadler. Is 
glacier acceleration the ozone hole of sea level 
rise? No one knows. No one knows whether the 
exceptionally strong warmings around the ice 
will continue apace, whether the ice accelerations 
of recent years will slow as the ice sheets adjust 
to the new warmth, or whether more glaciers will 
fall prey to the warmth. No one knows, yet. 

—RICHARD A. KERR 


24 MARCH 2006 


1701 


1702 


CLIMATE CHANGE 


Along the Road From Kyoto 


Global greenhouse gas emissions keep rising 


2006 marks a key year for climate policy around the world. Participants at 
a U.N.—sponsored meeting in Nairobi in November will debate what 
should happen after the 1997 Kyoto Treaty expires in 2012. Meanwhile, 
the 34 countries that have agreed to specific cuts under the accords are 
gearing up for 2008, when the enforcement clock starts ticking. 

A number of nations have already moved to cut emissions. Emissions in 
Germany, for example, are down by nearly a fifth compared with 1990 levels. 
At the same time, emissions have risen substantially in Canada and Japan 
despite their promise to achieve a 6% reduction over 1990 levels. As a 
result, government officials in both nations are debating tough measures to 
reverse that trend. 


CONTRIBUTING FACTORS TO CO CHANGE 


The World Resources Institute has identified four factors that drove 
changes in a country’s greenhouse gas emissions from 1990 to 2002. 
The numbers represent the relative contributions of each factor, and the 
contributions sum to the overall increase or decrease in that country’s 
emissions. In the case of China, for example, 122% of its growth in 
emissions resulted from a per capita rise in GDP, while a shift in energy 
intensity reduced emissions growth by 96%. 
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GDP per Capita Population 
Increasing wealth tends to More people usually boosts 
mean rising carbon emissions emissions, but it need not. 
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Fuel Mix 

Carbon content of energy source. 
Coal produces many more 
greenhouse gases than hydropower 
per unit of energy created. 
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Energy Intensity 

Energy consumed per unit of GDP, 
Intensity declines as a country 
shifts from an industrial to a 
service economy or uses its 
resources more efficiently, 
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In contrast, the United States and Australia, two major nonratifying 
nations, insist that long-term investment in technology and voluntary 
reductions are a better approach; their emissions have grown steadily since 
1990. And developing nations not bound by Kyoto targets, in particular 
China and India, are beginning to emit carbon at absolute rates that match 
those of more industrialized nations. 

The following graphics depict the state of greenhouse gas emissions for 
10 key countries, and where the planet is headed. 

—ELI KINTISCH (TEXT) AND KELLY BUCKHEIT (DESIGN) 
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Worldwide problem. The sharp rise in global 
emissions is fueled increasingly by the energy 
demands of the developing world. Future levels are 
based on projections for business-as-usual growth. 
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Follow the carbon. The United States and China, with no obligation to meet Kyoto 
targets, have stretched their lead as the world’s biggest carbon emitters. Among Kyoto 
ratifiers listed here, Russia and Germany have cut total emissions and exceeded Kyoto 
targets, whereas Japan and Canada face daunting challenges to meet their targets. The 
percentages in parentheses reflect changes in emissions from 1990 to 2002. 
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GENETICS 


A Clearer View of 


Macular Degeneration 


Genes tied to age-related macular degeneration confirm the notion that inflammation 
helps destroy the central area of the retina in this vision disorder 


More than 10 million people in the United 
States and an estimated 50 million worldwide 
suffer from age-related macular degeneration 
(AMD). This deterioration of the retina wipes 
out their central vision, robbing them of the 
ability to perform essential activities such as 
reading or driving a car. Until recently, 
researchers had few clues to what causes AMD. 
Buta series of recent gene discoveries has gone 
a long way toward solving the mystery. 

The work has shown that variations in two 
genes encoding proteins in the so-called com- 
plement cascade account for most of the risk of 
developing AMD. This complex molecular 
pathway is the body’s first line of defense 
against invading bacteria, but if overactive, the 
pathway can produce 

tissue-damaging 
inflammation. 


A tough disease to crack 

The causes of AMD have been hard to pin 
down partly because the disease develops late 
in life, usually after age 60. In addition, AMD 
is a complex disease, caused by an interaction 
between multiple genes and environmental 
factors such as diet and smoking. That’s made it 
hard to do studies aimed at tying particular 
gene variants to the disease. “Until last year, we 
just didn’t have a clue about the etiology [of 
AMD}. It’s been very frustrating,’ says Gregory 
Hageman of the University of Iowa in Iowa 
City, one of the field’s pioneers. 

In their search for clues, researchers have 
looked at hereditary eye diseases that develop 
early in life and mimic some features of 
AMD pathology, such as the development of 
drusen: abnormal deposits of proteins and 
other materials in the retina. They identified the 


Sign of trouble. The retinas of AMD eyes (left) develop 

abnormal deposits called drusen (yellow spots); as shown by 

the red staining (right), drusen contain complement proteins 
generated by inflammation. 


The new links between AMD and the 
complement genes suggest that excessive 
inflammation resulting from uncontrolled 
complement activity underlies the vision- 
destroying changes that particularly strike the 
macula, the central region of the retina. Indeed, 
such inflammation-promoting gene variants 
contribute to the development of perhaps as 
many as 75% of AMD cases. Several other genes 
have also been implicated recently, including one 
of as-yet-unknown function that may also make a 
substantial contribution to AMD risk. 

At long last, say researchers, they have 
the kind of information needed to find ways 
to prevent or treat AMD. “I think we’re 
headed for a period of time when we’re going 
to come up with possible therapies,” says 
AMD researcher Michael Gorin of the Uni- 
versity of Pittsburgh School of Medicine in 
Pennsylvania. This might be accomplished, 
for example, by finding ways to inhibit com- 
plement activity in the eye. 
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genes at fault in some of these early developing 
diseases and for a time hoped that the same 
genes might also be major contributors to 
AMD. “It turns out that for the most part that 
idea was wrong,” says Gorin. 

About 15 years ago, Hageman began 
pursuing a different tack, collecting donated 
eyes from both people afflicted with AMD and 
those who were not. His analyses of those eyes 
suggested that inflammation is a key player in 
the etiology of AMD. 

For example, working with Iowa colleague 
Robert Mullins and Don Anderson and Lincoln 
Johnson of the University of California, 
Santa Barbara, Hageman found that proteins 
associated with immune system activity are 
located in or near the drusen in eyes with 
AMD. These proteins included various acti- 
vated components of the complement system, 
such as the membrane attack complex, which 
is the business end of the complement cas- 
cadYeRGiPsoudly Peébent¢edtexd fori Guppoteéria 


or viruses by poking holes in their mem- 
branes, but it can also damage normal cells if 
not controlled. 

Based on these and other results, Hageman 
and his colleagues proposed about 5 years 
ago that drusen growth begins when some 
as-yet-unknown insult damages cells in the 
retina. The leftover cell debris provides the 
seed for drusen formation and triggers com- 
plement activation and local inflammation. 
Over time, the drusen grow as they accumu- 
late inflammatory proteins and other materi- 
als, and the inflammation persists, causing 
additional damage to the retina and, in the 
worst cases, blindness. 

At the time, this idea “was not met with a 
lot of positivity,’ Hageman wryly recalls. 
“He pushed the hypothesis for many years, 
and nobody believed him,” says Rando 
Allikmets of Columbia University, a recent 
collaborator. Allikmets notes that he, like 
many other AMD researchers, acknowledged 
that there could be an inflammatory compo- 
nent in AMD but “thought this was secondary 
or tertiary” to whatever was actually causing 
the retinal damage. 


A genetic link to inflammation 

The turning point in the inflammation story 
came just over a year ago, thanks mainly to new 
gene-hunting tools, including the human 
genome sequence as well as the growing library 
of human single-nucleotide polymorphisms 
(SNPs), subtle DNA sequence changes that can 
be used to pin down the gene variants at fault in 
a disease. Over the past few years, researchers 
have used these SNPs to identify several chro- 
mosomal regions likely to contain genes that 
influence the risk of getting AMD and then 
zeroed in on the genes themselves. 

Last March, three independent groups— 
led by Josephine Hoh of Yale University School 
of Medicine; Margaret Pericak-Vance of Duke 
University Medical Center in Durham, North 
Carolina; and Albert Edwards of the University 
of Texas Southwestern Medical Center in Dallas 
and Lindsay Farrer of Boston University School 
of Medicine—reported online in Science that 
they had uncovered a gene on chromosome | that 
greatly increases the risk of getting AMD. The 
gene encodes a protein called complement factor 
H that helps keep the complement system under 
tight control so that it doesn’t attack the body’s 
normal cells. The researchers found that people 
bearing a particular variant of the factor H gene 
were much more likely to get AMD than were 
people with other variants (Science, 15 April 
2005, pp. 362, 385, 419, and 421). Their calcula- 
tions showed that the high-risk variant could 
explain up to 50% of the cases, presumably 
because the protein product of that gene is less 
effective in inhibiting the complement pathway. 

Hageman describes this confirmation of 
complement involvement in AMD as “pretty 
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wonderful”—even though the 
other teams got their work 
into print before his own. In the 
17 May 2005 Proceedings of the 
National Academy of Sciences, 
Allikmets and Hageman, work- 
ing with Bert Gold and Michael 
Dean of the National Cancer 
Institute in Bethesda, Maryland, 
and colleagues reported that 
they, too, had linked the same 
high-risk variant of the factor 
H gene to AMD and also iden- 
tified other variants that 
appeared protective. In addi- 
tion, they showed that factor 
H is made in the macula and is 
present in drusen. In other 
words, it’s right where it should be to influence 
AMD development. 

The case for a link between complement 
activity and AMD risk got another major boost 
earlier this month. In the March issue of Nature 
Genetics, Allikmets, Hageman, Gold, Dean, 
and their colleagues report linking the gene for 
a second component of the complement cas- 
cade to the eye disease. This gene, located on 
chromosome 6, produces a protein called factor 
B involved in complement activation; the 
researchers again found both high-risk and 
protective variants. 

The earlier factor H studies showed that 
some people with healthy eyes also carry the 
AMD-predisposing variant, although it is 
present in more AMD patients. Allikmets says 
that the existence of protective variants of the 
factor H and B genes can help explain why 
some people with the “bad” variants don’t get 
AMD. By looking at the variants of both genes 
that people have, he says, “you get a much 
clearer picture. Seventy-four percent of the 
patients had no protective [gene variants], 
while 56% of the controls had at least one.” 

Still unclear, however, is the nature of the 
initial trigger that touches off complement acti- 
vation. An infection is one possibility. About a 
year ago, Joan Miller of Harvard Medical School 
in Boston and her colleagues reported evidence 
indicating that the eyes of patients with the 
so-called wet form of AMD, characterized by 
blood vessel growth in the macula, had been 
infected by the bactertum Chlamydia pneumoniae. 
A causative link between Chlamydia infection 
and AMD needs to be confirmed, however. 


More AMD genes 

A third gene recently tied to AMD doesn’t fall 
neatly into the complement story. In work 
published last summer in the American Journal 
of Human Genetics, Gorin and his colleagues 
followed up on previous studies placing an 
AMD gene on chromosome 10. Gorin says that 
his group’s analysis homed in on two tightly 
linked genes (designated PLEKHA/ and 
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L0C387715) but couldn’t discern which is the 
culprit. However, in a paper that appeared a few 
months later in Human Molecular Genetics, a 
team led by Bernhard Weber of the University of 
Regensburg, Germany, reported that the 
strongest AMD risk seemed to be associated 
with a single amino acid change in the protein 
predicted to be encoded by LOC387715. In 
work published online early this month in the 
American Journal of Human Genetics (AJHG), 
Pericak-Vance and her colleagues confirmed 
that conclusion. 

The genetic analyses indicate that 
LOC387715’s effect on AMD is independent of 
that of the factor H gene but is almost as strong, 
contributing to perhaps 40% of AMD cases. 
Still, the function of the gene’s protein is a 
mystery. “Until one knows what it does, you 
can’t really say it’s the gene,” Gorin cautions. 

In their AJHG paper, Pericak-Vance and 
her colleagues also point out an intriguing 


Pioneer. Despite early skepticism from his colleagues, 
Gregory Hageman’s view that inflammation plays a 
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Missing faces. As illustrated by the simulated picture at right, AMD robs its victims of their central vision and can leave them 
legally blind even though a rim of peripheral vision may remain. 


connection between the high-risk variant of 
LOC387715 and cigarette smoking, one of the 
strongest environmental risk factors for AMD. 
The researchers found that the combined risk 
of smoking and carrying the AMD-promoting 
gene variant was more than the sum of the 
risk of the two individually. This indicates, 
Pericak-Vance says, that the two factors inter- 
act to foster AMD development. 

The factor H and B genes and LOC387715 
are likely not the only ones that affect AMD risk. 
For example, in a study published in January 
in Investigative Ophthalmology and Visual 
Science, Pericak-Vance’s team looked at eight 
candidate genes that were suspected of involve- 
ment in AMD. Their analysis implicated three 
of them, including the VEGF gene and two 
involved in lipid metabolism. The product of 
the VEGF gene stimulates blood vessel growth, 
suggesting it might be involved in wet AMD, 
which is the most severe form. 

But the complement genes and LOC387715 
are certainly the major contributors to AMD risk, 
and establishing that, Hageman says, is good 
news for people who might develop AMD. 
Having to look at just a few genes could make it 
easier to identify high-risk individuals, who 
could then take preventive steps such as avoiding 
smoking, decreasing their fat intake, and increas- 
ing their intake of antioxidants and carotenoids. 
Many of these steps, suggested by epidemiology 
studies, are the same ones prescribed to reduce a 
person’s risk of heart attack and stroke. “There is 
a very similar risk profile for cardiovascular dis- 
ease and AMD,” says epidemiologist Johanna 
Seddon of Harvard Medical School. 

If just a few genes account for almost all of 
the risk of getting AMD, that should also help in 
devising therapies that can slow or prevent vision 
loss in people with the disease. “If each gene 
contributed just 4% or 5%, developing a therapy 
[based on those genes] would be pretty much 
impossible,” Hageman says. However, the new 
studies suggest a much brighter outlook for 
efforts to beat this devastating disease. 

—JEAN MARX 
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To know that we know what 
we know, and to know that 
we do not know what we do 
not know, that is true 
knowledge. 


Copernicus 


Polish astronomer (1473-1543) 
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NO SURVIVOR. Former shuttle astronaut and biomedical engineer Dan Barry’s run 
on the popular television series Survivor ended earlier this month when he failed to 

T l solve a crucial puzzle. That flop meant his team had to vote off one 
IV Tales 


member, and he was chosen. 
Barry, 52, who flew on the space shuttle three times and founded 
Denbar Robotics, says he was slotted to be “the nice old man with lots of integrity.” 
He came across as a classy, standup guy who broke with reality-show tradition by taking 
responsibility for his team’s defeat. 

Barry says his time on the show, in which contestants live in the wild and compete 
for $1 million, was a useful exercise in group dynamics and adaptation to extreme 
environments with potential lessons for astronauts in stressful situations. But after 
enduring 15 days with little food, he says that it’s lucky that the iguanas on the island 
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WINNERS 
WADING INTO SCIENCE. For 6 months, 
Shannon Babb (below) arose before dawn to 
monitor water quality at a river near her home 
in Highland, Utah. Yesterday she collected a 
reward for those early-morning jaunts: first 
place in the annual Intel Science Talent Search 
and a $100,000 col- 
lege scholarship. 
Babb, a senior at 
American Fork High 
School, found low 
levels of dissolved 
oxygen, pill bugs, 
and traces of fertilizer 
runoff—all signs of 
an unhealthy river. 
Humans are the main 


This year’s Templeton Prize goes to John Barrow, 
a 53-year-old cosmologist at the University of 
Cambridge, U.K. The $1.4 million prize, awarded 
for “progress toward research or discoveries 
about spiritual realities,” recognizes Barrow’s 
musings on the anthropic principle, the idea 
that the universe has physical constants finely 
tuned to human existence because we could not 
otherwise be here to observe them. 


are protected by the Panamanian government. 


culprit, says Babb, 18, who began monitoring 
water quality in area rivers when she was 13. 
Chemist Philip DeShong of the University of 
Maryland, College Park, who helped judge the 
40 finalists, says that the longitudinal aspect 
of Babb’s project was particularly notable: 
“She'd done it for 5 years, and she had gotten 
more and more complex every year.” Yi Sun, 
17, of the Harker School in San Jose, California, 
and Yuan “Chelsea” Zhang, 17, of Montgomery 
Blair High School in Silver Spring, Maryland, 
finished second and third, respectively. 


PIONEERS 

NEUROSCIENCE IN ECUADOR. A spouse 
often influences the other spouse’s career. 
German neuroscientist Winfried Wojtenek’s 
may influence science in an entire country. 


Q: Some scientists argue that accepting the Templeton Prize is tantamount to blurring the line 
between science and religion. Did you have any qualms about accepting the prize? 

No qualms. The prize has been going on for a long time, and there is a wide range of views about it. 
But if you look at the panel that selects the winner, there’s no obvious pattern. 


Q: What do you think scientists misunderstand most about religion? 

Some scientists may think that religion equals creationism or Islamic fundamentalism, which would be 
a misunderstanding. Others may think, almost by definition, that religion is antiscience or that science 
and religion supply mutually exclusive explanations. 


Q: What do you think is needed to bridge the gap between science and religion? 
What's needed is mutual engagement. Seminaries should teach their students some science, and 


scientists need to make efforts to engage in ey ora laaiy gemma interest Bian 
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Wojtenek was 
a postdoc at the 
University of Marburg 
in Germany when 
he received two job 
offers. One was from 
the University of 
Hawaii. With a side- 
long glance at his 
wife, an Ecuadorian 
scientist, Wojtenek 
instead chose to start Ecuador's first neuro- 
science program. 

Now, 2 years later, the undergraduate 
minor in neuroscience Wojtenek created at 
the Universidad San Francisco de Quito is on 
its way to becoming a master’s-level program. 
Despite being what he calls “a First World country 
without money,” Ecuador has a rich diversity 
of model organisms that makes for some 
interesting science. “We [have] the most 
fascinating ecosystems on Earth,” he says. 


MOVERS 

HIGH TIDE. Japanese civil engineer Kuniyoshi 
Takeuchi has been named director of a new 
international center to study water-related 
disasters. Supported by UNESCO, the 
International Centre for Water Hazard and 
Risk Management (ICHARM) was inaugurated 
this month in Tsukuba, Japan. 

“Studying hydrology in Japan, it was 
impossible to avoid the subject of water-related 
disasters,” says Takeuchi, a professor of civil 
engineering at Yamanashi University in Kofu 
who’s been involved with the center since it 
was first proposed 3 years ago. 

ICHARM will develop inundation models 
and distribute them to countries to help forecast 
and mitigate damage. The center also will train 
researchers from developing countries to create 
flood-hazard maps. 
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How Many New Genes Are There? 


IN THEIR REPORT “THE TRANSCRIPTIONAL LANDSCAPE OF THE MAMMALIAN GENOME” 
the RIKEN Genome Exploration Research Group and Genome Science Group (Genome 
Network Project Core Group) and the FANTOM Consortium claim to have found 5154 new proteins 
in the mouse genome not encoded by previously known 
mRNA sequences, which could potentially correspond to a 
considerable number of new protein-coding genes (4311, 
following clustering) (/). This claim contrasts dramatically 
with the view of the International Human Genome 
Sequencing Consortium (2), which estimated that there are 
20,000 to 25,000 protein-coding genes. Since there are 
already 22,287 genes in the Ensembl 34d catalog, this 
implies 0 to 2713 new genes. RIKEN/FANTOM’s estimate 
contrasts even more strikingly with our results using exon 
microarrays (3), in which the number of new multi-exon 
protein-coding genes was estimated to be at most in the hundreds. We analyzed the putative new 
FANTOM proteins (4), first by comparing their sequences with RefSeq release 13 from NCBI, NIH, 
and including only those transcripts that are linked to a reference published no later than 1 May 2005, 
thus excluding all the new FANTOM proteins. Restricting our analysis to the transcripts that have 
strong experimental evidence (labeled Provisional, Validated, or Reviewed), we found that 2917 
(56.6%) of the FANTOM proteins are in fact splice isoforms of known RefSeq transcripts, with the 
majority of them (2716) corresponding to exon-skipping events. By then including predicted RefSeq 
transcripts (labeled Genome Annotation, Inferred, Model, Predicted) in our analysis, 3568 (69.2%) 
were found to be splice isoforms of known transcripts. By including GenBank mRNAs linked to pub- 
lications before 1 May 2005, we found an extra 303 splice isoforms, bringing the total of already- 
annotated genes to 3871 (75.1%). Moreover, of the 5154 FANTOM proteins, our microarray analysis 
detected 2293 (by two or more exons), 144 of which are among the remaining 1283 FANTOM proteins 
and most (131) of which are associated with known genes. We next asked whether the remaining 1193 
putative proteins could be accounted for as false detections. The median open reading frame (ORF) size 
in this set is 119 amino acids (aa), significantly shorter than that of all the FANTOM proteins (330 aa). 
Although many real proteins have a length less than 119 aa, we hypothesized that such a short ORF 
length can arise in noncoding transcripts by chance. The FANTOM Consortium identified 23,218 
nonoverlapping, noncoding transcripts, so to test this hypothesis we generated a set of 20,000 random 
cDNAs of 2000 bases (typical gene length) and found that 1247 of them had ORFs of 119 aa or more. 
Therefore, it is possible that a large portion of the remaining 1193 putative proteins arose at random from 
noncoding transcripts and may not encode functional polypeptides. On the basis of this analysis, the 
number of completely new protein-coding genes discovered by the FANTOM Consortium is at most in 
the hundreds, consistent with current estimates based on both sequence and microarray analysis (2, 3). 
LEO J. LEE,* TIMOTHY R. HUGHES,” BRENDAN J. FREY? 


1Department of Electrical and Computer Engineering and @Banting and Best Department of Medical Research, University 
of Toronto, 10 King’s College Road, Toronto, ON M5S 3G4, Canada. 


the hundreds...” 
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—Lee etal. 
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Response 
LEE ET AL. POINT OUT THAT THE NUMBER OF 
reported protein sequences in FANTOM3 that 
map to new positions on the genome appears 
to be too large. We are grateful to them 
for highlighting this discrepancy, which we 
investigated and thus discov- 
ered an error. For a detailed 
description of the correction, 
see the Corrections and Clari- 
fications section in this issue. 
The effect of the error is some- 
what less than suggested by Lee 
et al. In particular, our estimate 
of the number of new protein- 
coding genes found by us 
has been revised from 5154 to 
2222, areduction of more than half, but much 
less than the order of magnitude suggested by 
Lee et al. As correctly pointed out, the rest of 
the 5154 cDNAs are mainly alternatively 
spliced isoforms. 

Lee et al. present three forms of evi- 
dence: sequence similarity, exon microarray 


the number of new 
protein-coding genes 
found by us has been 
revised from 5154 to 
222e...” 

—FANTOM Consortium 


data, and ORF size. (i) The sequence homol- 
ogy data largely reflect the revision to the 
number that we mention above, except that 
Lee et al. used a recent RefSeq database, 
whereas we used Genbank 
There is no evidence that all RefSeq 
sequences correspond to real transcribed 
RNAs because they often include ab initio 
predicted exons (/). Our strategy was to 
construct the transcriptional frameworks 
entirely based on real RNA transcripts, 
rather than in silico reconstruction of puta- 
tive gene structures. (ii) The exon microar- 
ray data concern less than 3% of the number 


24 MARCH 2006 


1709 


UNIVERSITY 


NEMMERS PRIZES 


2006 RECIPIENTS 


ERWIN PLEIN 
NEMMERS PRIZE IN 
ECONOMICS 
$150,000 


LARS PETER HANSEN 
University of Chicago 


“for rigorously relating economic 
theory to observed macroeconomic and 
asset market behavior and for 
innovations in modeling optimal 
policy under uncertainty” 


FREDERIC ESSER 

NEMMERS PRIZE 

IN MATHEMATICS 
$150,000 


ROBERT P. LANGLANDS 
Institute for Advanced Study 


“for his fundamental vision connecting 
representation theory, automorphic 
forms, and number theory” 


Previous Economics Recipients: 


ARIEL RUBINSTEIN (2004) 
EDWARD C. PRESCOTT (2002) 
DANIEL L. MCFADDEN (2000) 

ROBERT J. AUMANN (1998) 

THOMAS J. SARGENT (1996) 

PETER A. DIAMOND (1994) 


Previous Mathematics Recipients: 


MIKHAEL GROMOV (2004) 
YAKOV G. SINAI (2002) 
EDWARD WITTEN (2000) 
JOHN H. CONWAY (1998) 
JOSEPH B. KELLER (1996) 
YURI |. MANIN (1994) 


THE EIGHTH NEMMERS 
PRIZES IN ECONOMICS AND 
MATHEMATICS WILL BE 
AWARDED IN 2008 WITH 
NOMINATIONS DUE BY 
DECEMBER I, 2007. FOR 
FURTHER INFORMATION, 
CONTACT: 


nemmers@northwestern.edu 


OR 


SECRETARY 

SELECTION COMMITTEE 

FOR THE NEMMERS PRIZES 
OFFICE OF THE PROVOST 
NORTHWESTERN UNIVERSITY 
633 CLARK STREET 
EVANSTON, ILLINOIS 
60208-1119 


U.S.A. 
YYePG Proudly Presents, Thx for Support 


The definitive 
resource on cellular 
regulation 


IKE — Signal Transduction 
Knowledge Environment offers: 


¢ Aweekly electronic journal 

¢ Information management tools 

e Alab manual to help you organize 
your research 


¢ An interactive database of signaling 
pathways 


STKE gives you essential tools to power 
your understanding of cell signaling. It is 
also a vibrant virtual community, where 
researchers from around the world come 
together to exchange information and 
ideas. For more information go to 


To sign up today, visit[promo.aaas.org/ 


Sitewide access is available for 
institutions. To find out more e-mail 


of discussed proteins and do not have any 
impact on the global message of a project of 
the scale of FANTOM3. Despite Frey et al.’s 
impressive computational reconstruction of 
gene structure by analyzing expression pat- 
terns of ab initio predicted exons (2), we 
argue that this does not prove the physical 
structure of each mRNA and the complexity 
of the transcriptome with the same resolution 
achieved by sequencing libraries derived 
from mRNAs. In fact, our data show that 
“genes” have multiple starting and termina- 
tion sites: We have conservatively identified 
at least 181,000 different RNA transcripts. 
Additionally, Frey et al. (2) used only com- 
putationally predicted exons. Rare, newly 
discovered transcripts are unlikely to have 
been in the training sets of ab initio exon 
identification tools, and their sensitivity to 
predict rare transcriptional events is not obvi- 
ous. (iii) As for ORF size, 119 amino acids is 
a perfectly respectable size for a protein and 
within the bounds of statistical variation we 
expect. In this regard, we have further identi- 
fied in the FANTOM3 dataset at least 1100 
proteins shorter than 100 amino acids (3). 
Also, all of the novel FANTOM3 transcripts 
have been manually curated by individual 
researchers to distinguish them from novel 
noncoding RNAs. In any case, our final 


understanding of the number of protein- 
coding mRNAs will derive from experimen- 
tal validation with full-length cDNA clones 
(3) rather than computational inferences. We 
direct interested parties to the relevant sec- 
tion of the FANTOM3 Web site 
where the updated files 
are available, and we thank Lee et al. for help- 
ing us to improve and update our analysis. 
PIERO CARNINCI,*2 JULIAN GOUGH,* 
TAKEYA KASUKAWA,*? YOSHIHIDE HAYASHIZAKI+2 
1Laboratory for Genome Exploration Research Group, RIKEN 
Genomic Sciences Center (GSC), RIKEN Yokohama Institute, 
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230-0045, Japan. 2?Genome Science Laboratory, Discovery 
and Research Institute, RIKEN Wako Institute, 2-1 Hirosawa, 
Wako, Saitama, 351-0198, Japan.2NTT Software Corpo- 


ration, Teisan Kannai Building 209, Yamashita-cho, Naka- 
ku, Yokohama, Kanagawa, 231-8551, Japan. 
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Why Suicide Rates Are 
High in China 


WE READ WITH INTEREST G. MILLER’S ARTICLE 
describing a discrepancy between Chinese 
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rates of suicide and depression (“China: heal- 
ing the metaphorical heart,” 
However, we feel that Miller, by 


concentrating on fatal self-harm rather than all 
acts of self-harm, misses an opportunity to 
understand the discrepancy he notes. 

High rates of suicide and low rates of 
depression are not restricted to China. Many 
countries of the Asian “suicide belt” have sui- 
cide rates higher than those of China (J, 2). 

Suicide rates result from the incidence of 
self-harm and the resulting fatality rate among 
those individuals. Our research in Sri Lanka 
indicates that high rates of suicide from self- 
poisoning are due to a high fatality rate rather 
than a high incidence of self-harm itself (3). A 
useful contrast can be made with the UK. 

Self-poisoning in the UK is very common, 
with an annual incidence of presentation to 
hospital of around 300 per 100,000. However, 
self-poisoning is rarely lethal, with a fatality 
rate per 1000 incidents normally less than 
0.5% (4). Self-poisoning is also common in Sri 
Lanka, with an estimated incidence of around 
363 per 100,000 in one rural district. However, 
the fatality rate is significantly higher at 
~7.4%—at least 15 times higher than in the 
UK (3). The reason for this higher fatality rate 
in Sri Lanka, as in China, is the common use of 
highly toxic poisons such as pesticides. Sri 
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Lankan self-poisoners are not more keen to 
die—they simply have easier access to pesti- 
cides than do the residents of the UK (5). 

The high suicide rate in Sri Lanka and 
China is not due to higher levels of mental ill- 
ness or rates of self-harm, but to a higher lethal- 
ity of self-harm acts. Concentrating solely on 
rates of mental illness in Asia will not explain 
the high rate of suicide in this region. 
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CORRECTIONS AND CLARIFICATIONS 


BOOKS ETAL.: “Humanity usurps nature” by B. Chameides 
(10 Mar., p. 1379) The affiliation information is incorrect. 


Bill Chameides is at Environmental Defense, 257 


Park Avenue South, New York, NY 10010, USA. E-mail: 


REPORTS: “The transcriptional landscape of the mammalian 
genome” by the FANTOM Consortium et al. (2 Sept., p. 1559). 
On page 1561, column 3, lines 40-46 should read: “In the 
FANTOM3 data set, 11,559 protein sequences are newly 
described. Their splice variants were grouped together into 
7445 TKs (transcriptional frameworks). For 5453 of these, a 
previously known sequence maps to the same TK (locus), 
but 1992 clusters (2222 different proteins) map to new TKs 
(see SOM text 3).” 


NEWS FOCUS: “With energy to spare, an engineer makes 
the case for basic research” by E. Kintisch (10 Mar., p. 
1369). The National Superconducting Cyclotron Laboratory 
at Michigan State University was incorrectly identified as 
being supported by the Department of Energy. The NSCL 
is a campus-based national user facility funded by the 
National Science Foundation. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Changes in Tropical 
Cyclone Number, Duration, and 
Intensity ina Warming Environment” 


Johnny C. L. Chan 


Analyses of tropical cyclone records from the western North 
Pacific reveal that the recent increase in occurrence of 
intense typhoons reported by Webster et al. (Reports, 16 
September 2005, p. 1844) is not a trend. Rather, it is likely 
a part of the large interdecadal variations in the number of 
intense typhoons related to similar temporal fluctuations in 


LETTERS 


the atmospheric environment. 


Full text atfmn.sclencemag.org/cgi/contentfull311/5 768] 
1/135 


Response to Comment on “Changes 
in Tropical Cyclone Number, 
Duration, and Intensity in a Warming 
Environment” 


P. J. Webster, J. A. Curry, J. Liu, G. J. Holland 


Although Chan makes several valid points, his analysis con- 
fuses relationships associated with the long-term variations 
with those associated with shorter term variability (inter- 
annual and decadal). We present an analysis that clarifies 
the observations from the western North Pacific. 


Full text at|www.sciencemag.org/cgi/content/full/311/5 768/ 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 6 months or issues of 

general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 


Breakthrough in PCR analysis 


NO DNA ISOLATION ! 


Go from Biological Sample Directly to PCR with 


DNAzol®DIRECT Reagent™ 


« Lyse sample in DNAzol'Direct 
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Amplified DNA fragments 


1. Human saliva - LCT 

2. Human blood - cfos 

3. Human blood/Multiplex 
- LCT - cfos - cox 2 

4. Rat liver- GAPDH 

5. Wheat - 5S rRNA 


Works for animal, plant, yeast, bacterial and viral samples; whole blood, plasma, serum, 
saliva, buccal swabs, blood cards and formalin-fixed tissue. 


Standard, multiplex and real-time PCR. 


Sample ready for PCR in 15 minutes, no column, no DNA precipitation. 


Minimal amount of sample required, down to few picograms of DNA. 


* : 
Patent pending 


Sensitive PCR detection of bacterial and viral DNA. 
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MOVIES: PRIMATOLOGY 


The Greatest of Apes 


Guy Cowlishaw 


mong our closest cousins, there is no 
A more famous than King Kong. 

Since his first appearance in Merian C. 
Cooper and Ernest B. Schoedsack’s classic 
1933 film (RKO Pictures), King Kong has 
roamed widely in our cultural conscience, 
making innumerable appearances in movies, 
books, cartoons, toys, and video games and so 
becoming a household name. Kong’s extraor- 
dinary success has made him 
one of the most powerful of 
modern myths, veritably “the 
eighth wonder of the world.” 

New Zealander Peter Jackson, 
the Oscar-winning director of 
the Lord of the Rings trilogy, 
has taken the story of King 
Kong and lovingly retold it for 
contemporary audiences. The film revolves 
around music-hall performer Ann Darrow 
(Naomi Watts), playwright Jack Driscoll 
(Adrien Brody), and obsessive film director 
Carl Denham (Jack Black). Denham hires 
Darrow and Driscoll and charters a ship that, 
with the aid of an old map, takes them to the 
location of his next movie, Skull Island: an 
uncharted landmass west of Sumatra and the 
primal rainforest kingdom of Kong. The dis- 
covery of a giant gorilla on such a remote 
island is not quite as far fetched as it might 
seem (although, admittedly, Skull Island’s bio- 
geographic position suggests that a giant 
orangutan would have been more likely). 
Island gigantism is a well-documented phe- 
nomenon, exemplified by species such as the 
moa and komodo dragon, and giant island 
primates have existed until quite recently. 
One genus of extinct lemur, Archaeoindris, 
exceeded the size of modern-day gorillas and 
only disappeared a thousand years ago, after 
people first arrived on Madagascar. 

Once ashore, the film crew is savagely 
attacked by the islanders, and Darrow is subse- 
quently kidnapped and sacrificed to Kong. 
Initially, as the giant gorilla claims his prize, 
we only catch him in glimpses. But then, 
at last, we see Kong in all his glory. And 
he is magnificent. Digitally animated from an 
inspired performance by actor Andy Serkis 
(Gollum in The Lord of the Rings), Kong’s 
character and moods are richly created through 
vocalization, facial expression, and body lan- 
guage. Kong becomes obsessed with Darrow, 


King Kong 


The reviewer is at the Institute of Zoology, Zoological 
Society of London, Regent’s Park, London NW1 4RY, UK. 
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by Peter Jackson 


Universal Pictures, Universal City, 
CA, 2005. 187 minutes. 
www.kingkongmovie.com 


and their relationship becomes the centerpiece 
of the film’s narrative. In a delicious twist of 
irony, the roles were reversed during Serkis’s 
research at London Zoo: a female gorilla called 
Zaire became infatuated with him, and when 
his wife visited him at work, Zaire threw a 
jealous tantrum. 

As Darrow attempts to escape from Kong, 
and the film crew and sailors endeavor to rescue 
her, we come face-to-face 
with some of the other 
denizens of Skull Island. 
Cooper envisaged Kong as 
a survivor from prehistoric 
times. (In this, he antici- 
pated the 1935 discovery 
of fossils of the largest ape 
known to have ever lived, 
Gigantopithecus blacki. Somewhat smaller than 
Kong, it too ranged in the tropical forests of 
Asia, in coexistence with Homo erectus.) Other 
ancient creatures also escaped 
extinction on Skull Island, and 
dinosaurs play a prominent role 
in an ensuing series of jaw- 
dropping—dquite literally for 
Darrow—sequences. Neverthe- 
less, the movie’s most gruesome 
moment comes in a gorge filled 
with giant cockroaches and car- 
nivorous worms. Several of the 
rescue party come to a grisly 
end in this terrifying episode, 
which was also filmed for but 
then cut from the 1933 original 
due to its harrowing content. 

Kong keeps Darrow alive, 
and a strong bond of affection 
grows between them. But even- 
tually she is rescued by Driscoll, 
and Kong is brutally captured. 
Denham takes him to New York 
and exhibits him in a flamboyantly tasteless 
music hall show. Kong escapes and runs amok 
until he is reunited with Darrow. Finally, in 
search of the solitude of the high mountain 
crags of Skull Island, Kong climbs with Darrow 
to the summit of the Empire State Building. 
There, as the first rays of dawn rake across the 
skyline, the peace is broken by the whine of 
approaching biplanes.... 

What is it about King Kong that makes the 
giant gorilla so memorable? Our reverence for 
primates is not a new phenomenon. Thousands 
of years ago, the Nazca people inscribed a vast 
monkey on the desert plains of Peru, and in early 
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animal. Some ancient traditions still flourish 
today: Hanuman the Hindu monkey god and the 
Monkey King of Chinese legend (both of whom, 
like Kong, epitomize strength and courage) are 
popular living heroes. A modern folklore also 
persists about mysterious undiscovered apes 
(the yeti, sasquatch, and orang pendek). Perhaps 
Kong shares roots with all these traditions, 
which may in turn reflect the close kinship 
between ourselves and other primates. 

But King Kong is a monster as well, and our 
fascination with monsters is also an ancient 
one. Kong exhibits a winning combination 
of monster traits—large, ferocious, and un- 
known—-so it is perhaps no surprise that we 
should find him so unforgettable. Yet why 
should monsters have this allure in the first 
place? One likely explanation is that it is 
because we obtain a sense of relief and elation 
when they are defeated. However, this does not 
account for the appeal of Kong, who is an alto- 
gether different beast. Although a monster, 
Kong is not evil but an innocent, and we 
empathize with his tragic plight. Monsters like 
Kong, which are rich in pathos, therefore give 
us the opportunity to express our own human- 
ity. Such compassion may also help us to avoid 
a grim Nietzschean fate: that in the process of 


overcoming and destroying monsters, we might 

otherwise become monsters ourselves. 
Jackson’s King Kong is a moving story of a 
terrible but majestic beast that is tamed and ulti- 
mately killed by a “civilized” society. But this is 
not all. The director has also given us a powerful 
modern fable about the ferocity and beauty of 
wild nature and our destructive exploitation of it. 
King Kong dies, but in the end it is clear that we 
too are the losers. The importance of this message 
cannot be understated at a time when, through 
habitat destruction and hunting, we are in the 
process of destroying the very animals that are so 
valuable to us, that inspire us and enrich our lives. 
10.1126/science.1125822 
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CREDIT: UNIVERSAL/WING NUT FILMS/THE KOBAL COLLECTION 


Plant Conservation 
A Natural History 
Approach 


Gary A. Krupnick and W. 
John Kress, Eds. 


University of Chicago 
Press, Chicago, 2005. 380 
pp. $75, £47.50. ISBN 0-226- 
45512-2. Paper, $30, £21. 
ISBN 0-226-45513-0. 


CREDIT: COURTESY U.S. NATIONAL HERBARIUM, SMITHSONIAN INSTITUTION 


BOTANY 


Conservation Lessons 
from Herbaria 


Mike Maunder 


he great natural history museums are 
| indeed alive, and they are actively 
demonstrating their roles in conserva- 
tion and sustainable development. This is 
particularly the case for herbaria, reference 
collections of preserv- 
ed plants. In terms of 
fundamental infrastruc- 
ture, this often over- 
looked set of facilities 
would still be recog- 
nizable to the 16th- 
century Italian physi- 
cian and botanist Luca 
Ghini, who is credited 
as the inventor of the 
herbarium. While the 
dried plant specimens 
still sit in folders within 
cabinets, the use and value of those specimens 
have changed beyond recognition over the 
past 20 or 30 years. Ghini did not need to 
worry about extinctions and the destruction of 
the plant resources that underpin sustainable 
development—problems that are the focus 
of Plant Conservation: A Natural History 
Approach, edited by Gary A. Krupnick and W. 
John Kress. 

The editors are curators in the Department of 
Botany at the Smithsonian Institution’s National 
Museum of Natural History. They have assem- 
bled a team of colleagues (from the Smith- 
sonian) and collaborators (from other U.S. 
institutions, Germany, Britain, Venezuela, and 
Brazil) to produce a useful, authoritative, and 
highly readable review of issues affecting the 
conservation of botanical diversity. In the fore- 
word, Dan Janzen sets the tone through posi- 
tioning the urgency of real-world conservation 
problems against the need to make botanical 
information both readily available and relevant. 
Chapters in the first two of the volume’s four 
sections take this challenge forward through 
placing botanical diversity in its geological and 
geographic contexts. Particularly interesting are 
the short natural history essays in which contrib- 
utors review case studies of selected tropical 
and subtropical habitats (e.g., the Ecuadorian 
Andes, oceanic islands in the Pacific, and 
mountains in southwest China) and taxonomic 
groups (e.g., dinoflagellates, lichens, mosses, 
grasses, and African violets). In the third sec- 
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Lost diversity. Watsonia distans, an endemic species from the western 
Cape region of South Africa, can now be found only in herbaria. 


tion, the authors consider the causes of contem- 
porary extinctions of plants. These chapters 
offer a series of geographical case studies of 
habitat degradation and fragmentation as well 
as brief overviews of aspects of invasive species, 
climate change, and population genetics. I 
found the contributions on the diversity, ecol- 
ogy, and conservation of marine plants such as 
coral reef algae and kelp communities espe- 
cially welcome. 

The fourth part of the book examines biodi- 
versity assessments, management strategies, 
and conservation actions. Sadly, the chapter on 
the mapping of biological diversity manages 
to underplay the expertise resident in the 
Smithsonian. Readers looking for practical 
guidance on conserving plant diversity will be 
disappointed with the review of conservation 
responses, because the topics of species con- 
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servation and recovery man- 
agement are poorly covered. 
This section would have bene- 
fited from some case studies 
illustrating the value of museum 
collections to conservation (e.g., 
protected areas planning based 
on museum records or the appli- 
cation of DNA technology to 
eee species conservation). 
se Written predominantly by 
systematists and taxonomists, 
the volume offers a very use- 
ful perspective on the complex 
issues of plant conservation and 
the debates over what must 
be done to preserve botanical 
diversity. Many readers will 
find the early chapters on the 
evolutionary context of plant 
diversity especially informative 
and the geographic and taxo- 
nomic case studies fascinating. 
For example, we finally learn 
whether or not the endemics Al Gentry found 
on western Ecuador’s Centinela Ridge before 
its nearly complete deforestation are extinct: “a 
number of the seemingly site-specific plants 
have now turned up in surrounding areas.” 
Krupnick, Kress, and the contributors have pro- 
duced an excellent overview that will serve as 
both a reference for conservation professionals 
and a great resource for university teaching. I 
hope the volume is regularly updated. One 
clear message from Plant Conservation is that 
although natural history museums and taxo- 
nomic institutions may not actually be imple- 
menting front-line practical conservation, they 
are the custodians and translators of vast reser- 
voirs of essential information that will guide 
the work of conservationists. That important 
point is too often forgotten. 
10.1126/science.1125541 
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Ice. The Nature, the History, and the Uses of an Astonishing Substance. Mariana Gosnell. Knopf, 
New York, 2005. 578 pp. $30, C$42. ISBN 0-679-42608-6. 

Early in this comprehensive exploration of the world of ice, Gosnell explains what separates her 
subject from snow. On the ground, snow is permeated by continuous chanels of air, whereas in ice 
the air is restricted to unconnected bubbles. Much further along, she discusses snow among the 
various kinds of ice that “materialize out of the sky” (along with freezing rain, sleet, rime, hail, and 
frost). Packed with facts, the book combines engaging descriptions of technical material (e.g., 
nucleation process of freezing water, melting, humans’ physiological responses to cold, and icing 
of airplane wings), literary snippets (from books, poems, and films), and human-interest stories 
(e.g., ice sports, the sinking of the Titanic, and adventures clearing ice roads over frozen water- 
ways). There are accounts of ices | through XII, potential losses of ice due to global warming, and 
18 words Newfoundlanders have for ice. The author organizes her material into categories on ice 
in lakes, rivers, glaciers, icebergs, plants, animals, recreation, the atmosphere, and space. 
Nonetheless, readers who do not share her obsession with frozen water may prefer to use the index 
to pick and choose from this encyclopedic treatment. 
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SCIENCE AND LAW 


Intellectual Property and Human 
Embryonic Stem Cell Research 


Jeanne F. Loring and Cathryn Campbell 


n9 August 2001, U.S. President George 
QO W. Bush directed that federal funding 

could be used for human embryonic 
stem (HES) cell research, but only for the small 
number of ES cell lines then in existence (listed 
on the National Institutes of Health Stem Cell 
Registry) (/). In reaction to the limitations, 
individual states and private foundations are 
designating funds to support research on the 
much larger number of HES lines that were 
derived after the President’s deadline. Although 
these funding sources sidestep the strictures of 
the President’s order, they do not remove what 
may ultimately prove a more daunting barrier to 
progress in this field: the intellectual property 
rights for HES cells. This commentary de- 
scribes two fundamental patents that cover HES 
cells in the United States and highlights their 
implications for HES cell research. 

What are the patents on HES cells? Three 
years before the presidential directive, the U.S. 
Patent and Trademark Office (PTO) issued 
a broad patent claiming primate (including 
human) ES cells, entitled “Primate Embryonic 
Stem Cells” (Patent 5,843,780). On 13 March 
2001, a second patent (6,200,806), with the 
same title but focused on HES cells, issued 
from a “divisional application” (2). 

These two patents have considerable conse- 
quence for HES cell research in the United 
States, because they have claims to ES cells 
themselves, not just a method of deriving them. 
The claims give the patent owner, the Wisconsin 
Alumni Research Foundation (WARF) the 
legal right to exclude everyone else in the 
United States from making, using, selling, 
offering for sale, or importing any HES cells 
covered by the claims until 2015. The right of 
exclusivity is rooted in the U.S. Constitution (3) 
and was intended to benefit society by encour- 
aging innovation while discouraging secrecy on 
the part of inventors. 

No other country has allowed HES cells to 
be so broadly patented, and although the U.S. 
patent rights can only be enforced within the 
United States, HES cells made in another coun- 
try become subject to U.S. patent law if they are 
imported into the United States. Although a 
patent application with the same claims was 
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filed in other countries, the claims have issued 
as a patent only in the United States. This may 
be in part because the United States has a 1-year 
grace period to file after an invention has been 
publicly disclosed. This means that a news- 
paper article that appeared in November 1994 
in the Milwaukee Journal, was considered to be 
prior art by non-U.S. patent filings, but not for 
the U.S. patent application. Another factor is 
whether the European Patent Convention pro- 
hibition on patenting human embryos covers 
HES cells, an issue currently before the Board 
of Appeals of the European Patent Office (4). 

What is protected? The most important part 
of a patent is a list of claims, which are care- 
fully crafted descriptions of the invention that 
define the limits of patent protection. The 
broadest claim of both the 1998 and 2001 
patents is claim 1, which claims the “composi- 
tion of matter” of ES cells. The 1998 patent (2) 
reads as follows: 

“We claim: 1. A purified preparation of pri- 
mate embryonic stem cells which (i) is capable 
of proliferation in an in vitro culture for over 
one year, (ii) maintains a karyotype in which all 
the chromosomes characteristic of the primate 
species are present and not noticeably altered 
through prolonged culture, (iii) maintains the 
potential to differentiate into derivatives of 
endoderm, mesoderm and ectoderm tissues 
throughout the culture, and (iv) will not differ- 
entiate when cultured on a fibroblast feeder 
layer.” Composition of matter claims are gener- 
ally more powerful than method claims because 
they cover the matter itself, regardless of how it 
is made or used. As the characteristics listed in 
claim 1| in the 1998 patent describe the essence 
of ES cells, the patent effectively covers all ES 
cell lines regardless of who makes them or how 
they are generated. How is it possible to claim 
ES cells when they are products of nature rather 
than of manufacture? The U.S. patent law 
allows claims to a “form” not found in nature, 
so claims for an “isolated” or “purified” prepa- 
ration are acceptable. 

How did HES cells become patented? To the 
nonlawyer, the process that led to patenting 
HES cells is an intriguing primer in how the 
U.S. patent system works. On 20 January 1995, 
WAFF filed a patent application for primate ES 
cells on behalf of James Thomson, an assistant 
professor at the University of Wisconsin 
Primate Center. The application described work 
that was submitted for publication 3 days later 
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The history of U.S. stem cell patents 
illuminates their potential as research barriers 
and possible vulnerabilities. 


cation may contain the same data as a scientific 
manuscript, but the patent application uses the 
data to support claims that are much broader 
than the actual results. In this case, on the basis 
of experiments deriving ES cells from only two 
species of nonhuman primates, the application 
claimed ES cells that derived from a larger 
group of primate species, including humans. 

At the PTO, an examiner was assigned to 
determine whether patenting was justified. A 
year later, on 17 January 1996, the examiner 
rejected all 11 of the original claims, explain- 
ing that there was ample earlier published lit- 
erature that made the claims obvious (6-8). 
Such rejections are a routine part of the dis- 
course between the applicant and the PTO, 
and WARF responded with arguments that the 
claims were novel. However, just | day after 
the claims were rejected, the WARF attorneys 
filed a second U.S. patent application with the 
identical title and claims as the one undergo- 
ing examination. This application was filed as 
“a continuation in part” (CIP) of the earlier 
application (9). The CIP was assigned to a dif- 
ferent examiner, so for another 2 years while 
attorneys continued to argue for patentability 
of both applications, two different PTO exam- 
iners were examining the same claims in sep- 
arate applications. 

The examiner for the original parent appli- 
cation continued to reject the claims and 
the original application was abandoned in 
December 1997. However, in March 1998, the 
second examiner determined that the identical 
claims were allowable. Before the patent was 
issued, however, there was one more hiccup in 
the procedure. On 18 November 1998, John 
Doll, who was then director of the examining 
group responsible for the application (he is now 
commissioner of patents), sent a memorandum 
to the patent publication office to stop the 
issuance procedure. But the memo did not 
reach the publication office in time, and, with 
the claims intact, the PTO issued the patent on 
1 December 1998. 

A separate (but highly related) patent appli- 
cation was undergoing examination at the same 
time. On 26 June 1998, WARF had filed a 
“divisional” (/0) application, which was also 
entitled “Primate Embryonic Stem Cells.” The 
claims were virtually identical to the pending 
patent, but with the term “human” substituted 
for “primate.” This application went relatively 
smoothly through the examination process, and 
the patent was issued on 13 March 2001 (Patent 


SCIENCE 


6,200,806). This heterogeneity in handling 
reflects the realities of the U.S. PTO. The exis- 
tence of two (or more) issued patents with the 
same title is not unusual, but it can be confus- 
ing; the important information to keep in mind 
is that the claims in the 1998 patent cover both 
nonhuman primate and human primate ES 
cells, whereas the similar claims in the 2001 
patent apply only to human cells. Since 2001, 
there have been four more continuations of the 
original application filed with the PTO, all enti- 
tled “Primate Embryonic Stem Cells” (//). 

How do fundamental HES cell patents affect 
scientific research? Although many patent 
holders choose to license others to practice the 
patented invention in exchange for royalties, in 
the United States, licensing is not compulsory; 
patent holders can choose to license on their 
own terms or not to license at all. Because 
WARF controls the rights to HES cells, re- 
searchers who wish to use these cells must be 
aware of their obligations to the patent owners 
under U.S. law. The NIH took steps to engage 
WARF’s cooperation shortly after the presiden- 
tial announcement, signing a memorandum of 
understanding (MOU) with WARF. The NIH 
retains rights to the 1998 (-780) patent, because 
the work was supported by federal grants (/2). 
This MOU gave researchers employed by the 
NIH, the Food and Drug Administration, and 
the Centers for Disease Control and Prevention 
a license to use HES cells for research. Also, 
WARE agreed that it would not impose more 
restrictive terms for any other not-for-profit 
institutions. In early 2002, the NIH made similar 
MOU agreements with other groups that had 
made lines that were eligible for funding, 
including the University of California at 
San Francisco, Mizmedi (Korea), BresaGen 
(Australia), Technion (Israel), Cellartis (Sweden), 
and ES Cell International (Singapore). These 
institutions received Infrastructure grants from 
the NIH of about $200,000 to $500,000 a year 
(13) to facilitate the distribution of their own 
HES cell lines under a license from WARF, and 
were limited by the MOU to charge no more 
than $5000 (or $6000 for foreign shipping to the 
United States) per cell line. 

Currently, WARF requires a license agree- 
ment for distribution of any HES cell lines in 
the United States, whether or not they are on 
the NIH registry. The Harvard HES cell mate- 
rial transfer agreement (MTA) (/4), for exam- 
ple, requires that the recipient of their cell 
lines acknowledges WARF’s patent rights. 
Only the institutions that have MOUs with the 
NIH have price regulations; other suppliers of 
HES cells can charge as much or as little as 
they wish for the cells. Harvard charges noth- 
ing for its lines. However, because the WARF 
patents are only valid in the United States, 
non—U.S.-based HES researchers do not need 
a license unless they import the cells into the 
United States. 
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As a result of an NIH contract to serve as 
the main distribution center for HES cells in 
the United States, WARF recently reduced the 
price of cells to $500 for academic investiga- 
tors, and opened the possibility of rebates for 
investigators who had paid $5000 before the 
contract went into effect (75). Although the 
academic price is now less onerous, the situa- 
tion for commercial biotechnology and phar- 
maceutical companies remains difficult. First, 
because the biotechnology company Geron 
funded the patented HES cell derivations, they 
received an exclusive license for broad thera- 
peutic use in the United States of HES 
cell-derived cardiac, nervous system, and pan- 
creatic cells. This means that if a company 
wishes to develop therapies in these areas, they 
must negotiate with Geron for fees and royal- 
ties. But what if a company simply wants to use 
the ES cells for basic research? Even if the 
company’s research is noncommercial, WARF 
still requires a commercial license, which 
costs an upfront fee (typically $125,000), with 
$40,000 annual maintenance fees to retain the 
license. This fee gives commercial entities 
the same research freedom as academic 
researchers, and, with negotiated royalty pay- 
ments, they may commercialize reagents for 
research. Two companies, Becton-Dickinson 
and Chemicon, announced that they have 
obtained research licenses from WARF. 

The research license cost has complicated 
the situation for start-up biotechnology compa- 
nies that want to obtain NIH funding for HES 
cell research. Small companies may find them- 
selves in what we call the “SBIR paradox.” The 
NIH is willing to fund HES cell research 
through its Small Business Innovative Research 
(SBIR) program, but the company is not 
allowed to use NIH money, usually $100,000 
for a phase 1 SBIR (R43), to pay WARF for a 
commercial research license. Therefore, the 
company must come up with separate funding 
of perhaps $125,000 for a license to do the 
NIH-funded research with the cells. As a result 
of discussions with the NIH, WARF has offered 
to take equity instead of cash for a license in 
some cases. 

Are the WARF patents enforceable? When a 
US. patent is issued, it is presumed to be valid. 
However, if the patent holder sues another 
entity for allegedly infringing their patent, the 
defendant often raises the issue of the patent’s 
validity. The court gives some degree of defer- 
ence to the decision of the PTO, but the courts 
can and do sometimes find that a patent is 
invalid. The WARF patents have not yet been 
tested in court. 

There are also procedures that can be 
raised against a patent through the PTO itself. 
When more than one party files patents 
claiming the same subject matter, the U.S. 
patent laws specify that the rights to a patent 
wilY tePGvaroied y Prresots;hthwéoe fuppast to 
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invent. This contrasts with virtually all other 
countries, which give rights to an invention to 
the party that was the first to file a patent 
application. When an issued patent and 
another pending application claim the same 
subject matter, the applicant of the pending 
application can seek to provoke an “interfer- 
ence,” which is a PTO procedure to determine 
who was the first to invent. 

In December of 2003, a request for interfer- 
ence was filed against the claims to purified 
stem cell preparations in both the 1998 and 
2001 WARF patents. Two patents that are 
licensed to Plurion (U.S. Patent 5,690,926 and 
5,670,372) have issued from a 1992 applica- 
tion claiming methods of deriving pluripotent 
cells. A pending application with the same pri- 
ority date claims the isolated pluripotent stem 
cells themselves. When the PTO indicated that 
the Plurion composition of matter claims were 
allowable, the applicant filed a request for 
interference, asserting that these claims over- 
lap (and predate) the WARF pluripotent stem 
cell claims. Although no interference has yet 
been declared, the outcome of this case may 
have important consequences for ES cell 
researchers, funding agencies, and companies. 
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CLIMATE CHANGE 


Greenland Rumbles Louder 
as Glaciers Accelerate 


lan Joughin 


ce sheets are often assumed to respond slowly 

to climate change, with dynamic response 

times measured in centuries to millennia. On 
of this issue, however, Ekstrém et al. 
(1) describe a dramatic increase in glacial seis- 
micity over the past several years, which coin- 
cides with the acceleration of many of Green- 
land’s major outlet glaciers (2-4). The rapidity of 
these changes counters the view of a sluggishly 
responding ice sheet and indicates that outlet gla- 
cier dynamics can respond swiftly to climate 
change with consequent increases in sea level. 
Over the past decade alone, glacier acceleration 
has increased Greenland’s contribution to sea- 
level rise by more than 0.3 mm year"! (2). 

Using teleseismic data from 1999 and 2000, 
Ekstrém et al. (5) previously identified earth- 
quakes associated with glacial flow—“glacial- 
quakes.” Their more-recent observations cover 
more than a decade (1993 to 2005) and reveal a 
seasonal signal, with summer seismicity nearly 
five times greater than in winter. They also 
found a modest increase in seismicity in the late 
1990s that was followed by a rapid increase 
from 2002 onwards, with 2005 producing 
nearly as many events as the combined total for 
1993 through 1996. 

The glacialquake magnitudes range from 4.6 
to 5.1, yielding products of the displaced mass 
and slip of 0.1 x 10'*to 2.0 x 10!4 kg m. This 
means that the Hellheim Glacier’s 26 glacial- 
quakes each resulted from roughly 0.16 to 3.7 m 
of slip if the displacement occurred along the full 
14-km length of its fast-moving trunk, which has 
amass of ~6.1 x 10!3 kg (6) and flows at a rate of 
~20 m day"!. This finding suggests that the 
glacialquakes make up only a small fraction of 
glacial motion. 

The glacialquakes all originated on fast- 
moving (>2 km year!) glaciers, with Green- 
land’s three largest glaciers—Kangerdlugssuaq, 
Jakobshavn Isbrae, and Helheim—accounting 
for 72% of the events. Few glacialquakes were 
detected from Antarctica (5), possibly because 
the larger spatial extents of Antarctic ice streams 
produce slower events, with periods well beyond 
the 150-s detection threshold. For example, 
much of the Whillans Ice Stream moves prima- 
rily during twice-daily 0.5-m slip events lasting 
several minutes, with mass-slip products of 
roughly 3 x 105 kgm (7). 
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Flow rates of many large glaciers in Greenland 
and Antarctica have accelerated recently. 
Greenland earthquakes produced from glacier 
motion and calving have also increased 
dramatically. 


Temperature (°C) 
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yearly intervals. (Inset graph) Summer (June, July, and August) temperatures (points) at several coastal stations 
shown in the silhouette map (9, 11). The solid lines are 5-year averages; color indicates measurement station. 


The Kangerdlugssuaq, Jakobshavn Isbrae, 
and Helheim glaciers all accelerated by more 
than 50% over the period of increased seismicity, 
as have many of Greenland’s smaller glaciers 
(2-4). The cause, seasonality, and the relation of 
the glacialquakes to these recent accelerations 
are not yet clear. Ekstrém ef al. note that the 
drainage of summer melt to the bed through 
moulins (glacial conduits) may enhance lubrica- 
tion at the bed to produce slip events. Other 
explanations may relate to the seasonal variation 
in calving, which for Jakobshavn Isbrae demon- 
strates an annual variability similar to that of the 
glacialquakes (8). Large calving events alone 
might yield mass displacements sufficient to 
produce glacialquakes. Alternatively, changes in 
glacier geometry after a calving event introduce 
a force imbalance, which may yield a slip event 
as anew force balance is established. Finally, the 
glacialquakes may be produced by stick-slip 
events that occur in the normal course of glacier 
sliding, with only brief (hours) periods of stick 
required to build enough elastic strain to produce 
detectable (magnitude >4.6) slip events. 

The increased seismicity may be directly 
associated with the glacier accelerations if, for 
example, they are related to large calving events, 
which appear to precede acceleration (4). 
Alt¥iieRty Arouatyi Rrasaets india dior Subgladial- 


quakes may be a consequence of acceleration if 
seismicity scales with glacier speed. In either 
case, the ability to detect these events with tele- 
seismic data provides a powerful new means for 
monitoring glacial activity. Furthermore, a new 
network of seismometers around Greenland 
might allow the detection of events on smaller gla- 
ciers, which may produce glacialquakes below the 
current detection threshold. 

Although the reasons for increased incidence 
of glacialquakes and glacier acceleration are not 
clear, warming temperatures may be the underly- 
ing cause. Greenland undergoes regional warm- 
ing and cooling (see the figure) on multidecadal 
times scales, with variability that exceeds global 
temperature trends (9). Summer temperatures 
from the late 1960s through mid-1990s tended 
to be cooler than average, which may have 
promoted glacier stability. For example, after 
decades of retreat, Jakobshavn Isbrae’s calving 
front maintained its position during this cool 
period (8). Starting in about 1995, mean summer 
temperatures began to rise at coastal stations (9), 
reaching near-centurial highs. The correspon- 
dence between the rapid rise in temperature and 
the increased glacial activity (J—4) suggests that 
warming has a nearly immediate influence 
on glacier speeds. Although the duration of 
the recent warming is too short to determine 
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whether it is an anthropogenic effect or natural 
variability, in either case, the data suggest that 
modest (~1°C) changes in temperature can lead 
to large changes in discharge of glacial ice to 
the ocean. This sensitivity is not currently rep- 
resented in ice-sheet models, which largely 
account for direct melt in response to climate 
change. Consequently, any further temperature 
increases may increase Greenland’s contribution 
to sea level much more than anticipated. 
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Hitting the Ice Sheets 


Where It Hurts 


Robert Bindschadler 


everal large tidewater outlet glaciers of the 

Greenland and Antarctic ice sheets now 

appear to exhibit a nearly universal signature 
of recent increased discharge to the ocean. That 
this increase is occurring in the Northern and 
Southern hemispheres suggests a common cause. 
The culprit may be additional heat delivered by 
subsurface waters melting the submarine bases of 
these glaciers. This scenario would explain the 
observations and at the same time provide evi- 
dence that warmer subsurface waters are reaching 
the Earth’s polar latitudes. Moreover, it indicates 
that the ocean plays a more critical role than the 
atmosphere in determining near-term glaciologi- 
cal contributions to changes in sea level. 

The acceleration, thinning, and retreat of Pine 
Island Glacier in West Antarctica in the mid- 
1990s sparked an awareness of increased activity 
at the margin of the Antarctic ice sheet (J, 2). 
Other glaciers discharging directly into the 
Amundsen Sea were soon discovered to be accel- 
erating and thinning (3, 4). Airborne ice-sound- 
ing measurements have established that these 
glaciers are deep, with bases hundreds of meters 
below sea level (5). These observations, along 
with modeling that predicted rapid upstream 
propagation of thinning, led to a claim that 
oceanic forcing was at work (6, 7). Elsewhere 
around the continent, the Cook Ice Shelf in East 
Antarctica is fed by ice that is thinning and accel- 
erating at comparable rates (8). This area drains 
the largest portion of the East Antarctic ice sheet 
grounded on a submarine bed, making it most 
like the Amundsen Sea sector of West Antarctica 
in behavior as well as setting (9). 

Nearly half a world away, similar behavior has 
been reported for outlet glaciers draining the 
southern half of the Greenland Ice Sheet. On the 
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Oceanic low blows. Schematic representing warm intermediate- 
depth water breaching a submarine sill and sinking in a water cavity 
beneath the ice shelf to access the grounding line of an outlet glacier. 


west coast, the largest outlet glacier, Jakobshavns 
Isbrae, has been thinning at 15 m year"! since 
1997, whereas on the east coast the major outlets 
of Kangerdlugssuaq and Helheim glaciers began 
thinning in 2003 at rates of 40 and 25 m year™!, 
respectively (0, 11). These glaciers also occupy 
deep submarine channels. 

A recent assessment of changes in speed 
and mass balance around Greenland identifies 
these three large glaciers as among the most 
active recently, with accelerations up to 210% 
(12). The activity on Kangerdlugssuaq and 
Helheim glaciers has been confirmed by analy- 
sis of optical imagery on slightly different time 
intervals (/3). Smaller glaciers along the south- 
east and southwest Greenland coasts are also 
accelerating (12). 

Searching for a common cause of the most 
dramatic changes in the dynamics of the largest 
outlet glaciers in both Antarctica and Greenland 
leads one to consider the oceans (6, 7). Melting at 
the base of a tidewater glacier causes it to acceler- 
ate by reducing basal friction and by reducing the 
buttressing resistance of any floating ice shelf 
(14). However, there remain questions of whether 
this warmer water exists, especially given the 
absence of any indication of increasing sea sur- 
face temperature in high latitudes, and how it 
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In both hemispheres, glacier discharge to the 
sea has increased markedly in recent years as 
warm water from intermediate depths is 
melting the floating ends of glaciers from 
below, accelerating them. 


Only about half of Earth’s pres- 
ent radiation imbalance has been 
detected in rising atmospheric tem- 
peratures, and it has been suggested 
that the remainder is being stored in 
the world’s oceans (/5). Analyzing 
observations from buoys and ships, 
Levitus et al. demonstrated that the 
tropical and mid-latitude oceans 
have been warming in recent decades 
(16). They observed that because 
regional subsurface warming pre- 
dated the expression of increased 
regional sea surface temperatures, the additional 
heat was being transported below the surface. 
Most of the warming was limited to the upper 
1000 m, with the single exception of the North 
Atlantic where deep convection carried increased 
heat to greater depths. 

The warmest water in polar oceans is neither 
at the surface (where summer melting of sea ice 
provides a surface layer of fresher water) nor at 
the bottom (where dense water from winter 
freezing of sea ice sinks to the ocean floor). In 
the Amundsen Sea, the warmest water is concen- 
trated at 600-m depth (/7). However, additional 
warmth in the ocean arriving from lower lati- 
tudes would raise the temperature of this inter- 
mediate water a fraction of a degree, hardly 
enough to initiate a sudden glacier acceleration. 

That the deeper tidewater glaciers have 
proven most vulnerable to recent changes hints 
that the answer to recent acceleration lies in the 
manner in which this warmer intermediate- 
depth water can access the deep grounding lines 
of these glaciers, where the ice first floats free 
from the bed. These glaciers flow out to the 
ocean in deep channels with bases well below 
sea level and in short, floating ice shelves a few 
hundred meters thick. Extensive bathymetry 
data are rare beneath and immediately in front of 
these glaciers. Jakobshavns Isbrae in Greenland 
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and Pine Island Glacier in Antarctica, the two 
glaciers with the earliest recorded accelerations, 
are among the deepest outlets with grounding 
lines over 1000 m below sea level. It is likely that 
the large outlet glaciers such as these have 
eroded deeper basins than the smaller adjacent 
glaciers that have accelerated more recently. 

In this context, a key characteristic of troughs 
eroded by tidewater glaciers is that they end with 
a shallower terminal moraine at the site of their 
maximum glacial cycle extent. In warmer cli- 
mates, they retreat from this advanced position, 
leaving this moraine, or sill, as a barrier that pre- 
vents deeper water seaward of the sill from 
reaching the deep grounding line (see the fig- 
ure). Once breached, however, the warm, salty 
water will sink in the cold, fresh water behind the 
sill and reach ice at the grounding line. Increased 
pressure at these greater depths lowers the melt- 
ing point of this ice, increasing the melting effi- 
ciency of the warmer water. Rapid melting 
results. This process has been modeled for the 
observed sill geometry in front of and beneath 
Pine Island Glacier (/8). 

Surface meltwater cannot explain this com- 
mon behavior. Penetration of surface meltwater 
to the glacial bed in Greenland can lead to sea- 
sonal flow acceleration (19), but the annually 
averaged increase in speed is only a few percent. 
In the case of Helheim Glacier, the relative inten- 


sities of warm summers were not associated with 
the observed changes in glacier speed (20). And 
surface melting is uncommon for any of the 
Antarctic glaciers cited here. 

Outlet glacier acceleration will probably con- 
tinue. As sea ice growth and decay diminish, 
warmer waters will reach shallower depths and 
access shallower tidewater glaciers, as well as 
move northward along Greenland’s coasts. This 
will lead to increasing discharge of grounded ice 
and accelerating sea level rise. Increased dis- 
charge could encourage longer ice shelves, help- 
ing to protect the grounding lines, but this has not 
been observed because ice shelves have failed to 
grow in front of accelerating glaciers and retreat is 
exceeding historical bounds. Retreating glaciers 
lengthen the distance warmer water must travel 
from any sill to the grounding line, and eventually 
tidewater glaciers retreat to beds above sea level. 
This might limit the retreat in Greenland but will 
save neither West Antarctica, nor the equally large 
subglacial basin in East Antarctica where subma- 
rine beds extend to the center of the ice sheet. 
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BIOMEDICINE 


Lowering LDL—Not Only How Low, 


But How Long? 


Michael S. Brown and Joseph L. Goldstein 


he causal relation between plasma low- 

| density lipoprotein (LDL) cholesterol 
(LDL-C) levels and coronary heart dis- 

ease is well established. Compelling evidence 
from between-country comparisons shows that 
large and lifelong diet-related differences in 
LDL-C levels are associated with 10-fold differ- 
ences in coronary mortality (/) (see the figure). 
Strong support comes from observations on 
genetic diseases such as heterozygous familial 
hypercholesterolemia, in which mutations in 
the LDL receptor gene double LDL-C levels 
throughout life and increase the risk of early 
heart attack by more than 10-fold (2). So, it has 
been somewhat disappointing that treatment 
with cholesterol-lowering statins for 5 years 
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reduces the incidence of heart attacks by only 
40%, even when LDL-C concentration is 
reduced by 80 mg/dl (3), a reduction that 
should give much more protection based on the 
population studies. A likely explanation is pro- 
vided by Cohen, Hobbs, and their colleagues 
in this week’s issue of the New England 
Journal of Medicine (4). In lowering LDL lev- 
els, the appropriate consideration may be not 
only how low, but also how long. 

Cohen et al. studied middle-aged Americans 
with lifelong low LDL levels, owing to loss- 
of-function mutations in the gene encoding 
PCSK9, a secreted enzyme of the serine protease 
family. In a small number of subjects with severe 
nonsense mutations, the concentration of LDL- 
C was reduced by 38 mg/dl, and the prevalence 
of coronary heart disease declined by a remark- 
able 88%. In a larger number of subjects with a 
less severe missense mutation, LDL-C concen- 
tration was reduced by only 21 mg/dl, yet coro- 
narYierGt Aiceady Prasients; déolifardiuppar. 


People with a mutation in a proteolytic enzyme 
are at a substantially lower risk for coronary 
heart disease because of their lifelong 
reduction of plasma low-density lipoprotein. 


What is the function of PCSK9, and how do 
mutations in the PCSK9 gene lower the concen- 
tration of LDL? Experiments in mice showed 
that overproduction of PCSK9 in liver and cul- 
tured hepatocytes severely reduces the number 
of LDL receptors (5, 6). The simplest hypo- 
thesis is that PCSK9 directly catalyzes the 
breakdown of LDL receptors, but this has not 
been demonstrated experimentally. Inasmuch as 
LDL receptors mediate high-efficiency removal 
of LDL from plasma, a reduction in the number 
of LDL receptors causes LDL to accumulate. 
Ablation of the PCSK9 gene in mice through 
gene-knockout technology increased the num- 
ber of LDL receptors in liver and enhanced the 
clearance of LDL from the plasma (7). This 
striking finding indicates that PCSK9 functions 
tonically in mice to keep LDL receptor number 
lower and plasma LDL concentration higher 
than they would be otherwise. 

PCSK9 appears to have the same effect on 
LDL in humans. A role for PCSK9 was first rec- 
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ognized in families with autosomal dominant 
hypercholesterolemia, owing to amino acid 
substitutions in PCSK9 that are postulated 
to increase its function (8—/0). As expected, 
affected individuals suffered from premature 
heart attacks. Cohen et al. have now demon- 
strated the opposite effect—namely, that loss-of- 
function mutations in PCSK9 lower LDL levels 
and reduce the incidence of heart attacks. 

In a previous study, Cohen et al. (/1) 
sequenced PCSK9 in a population-based study 
designed to reflect the ethnic diversity of 
Dallas, Texas. Among 1802 individuals of 
African descent, 2% carried one of two loss- 
of-function nonsense mutations in PCSK9. 
Individuals harboring either of these mutations 
had plasma LDL levels averaging 40% lower 
than those without them. These mutations were 
rare (0.1%) in Americans of European ancestry 
(Caucasians) (//). 

Cohen et al. (4) now demonstrate the cardio- 
protective effect of the LDL-lowering mutations 
in PCSK9. They analyzed data from a prospec- 
tive study of 15,792 Caucasians and African- 
Americans from four U.S. communities that was 
initiated in 1987 (/2). These randomly selected 
individuals averaged 53 years of age at entry, and 
have been followed for 15 years. Among the 
3278 African-American individuals without a 
PCSK9 mutation, LDL-C levels averaged 138 
mg/dl, and 319 of these individuals developed 
symptomatic coronary heart disease for an 
incidence of 9.7%. Among the 85 African- 
American individuals with a PCSK9 nonsense 
mutation, LDL-C concentration was reduced by 
38 mg/dl (to 100 mg/dl). Remarkably, only one 
of these 85 people (1.2%) developed coronary 
heart disease, an 88% reduction. In these pro- 
tected individuals, coronary heart disease was 
rare despite a high prevalence of hypertension 
(37%) and diabetes (13%). Although the num- 
ber of subjects is small, the extremely low inci- 
dence of coronary heart disease in African- 
Americans with PCSK9 nonsense mutations is 
consistent with other studies (see the figure) that 
show an extremely low incidence of coronary 
heart disease in populations with lifelong low 
cholesterol levels (/, 13). Among Caucasians in 
the same study, 301 individuals (3.2%) had a 
missense mutation that lowered LDL-C levels 
by only 21 mg/dl, yet reduced coronary heart 
disease incidence by 47%. 

Why does lowering of LDL-C concentration 
by 40 mg/dl by a PCSK9 mutation reduce coro- 
nary heart disease incidence by 88%, whereas a 
40-mg/dl lowering with a statin reduces coro- 
nary heart disease prevalence by only 23% on 
average (3)? The most likely answer is duration. 
People with nonsense mutations in PCSK9 likely 
have maintained relatively low LDL levels 
throughout their lives. People in statin trials have 
had their LDL levels lowered for only 5 years. 
Atherosclerosis is a chronic disease that begins 
in the teenage years (/4). Ina statin trial, an indi- 
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Where high cholesterol and coronary death 
meet. Beginning in 1952, Keys and colleagues 
measured the levels of total plasma cholesterol in 
12,763 men aged 40 to 59 from selected population 
groups from seven countries, with wide variation in 
fat intake and plasma cholesterol levels (1). The men 
were followed for 10 years, and the number of fatal 
coronary events was measured. Inasmuch as the 
study did not measure plasma lipoprotein concen- 
trations, we estimated the LDL-C levels based on the 
data for total cholesterol levels. For each country, we 
averaged the data from the populations that were 
studied. Coronary mortality between countries var- 
ied by 10-fold. 


vidual destined to have a heart attack within the 
5-year observation period must have had ad- 
vanced atherosclerosis when entering the trial. 
Indeed, the degree of protection in statin trials 
increases with duration (3, /5). 

The lesson of PCSK9 is clear. If we are to 
attain an 88% reduction in the incidence of coro- 
nary heart disease, we must lower LDL levels 
well before atherosclerosis has become ad- 
vanced. If we start early enough, it may be suffi- 
cient to lower LDL-C concentration only to 100 
mg/dl, a goal that should be attainable for most 
people. These individuals must be prepared 
for lifetime treatment. Early intervention is 
designed to prevent a heart attack that might not 
occur for many years. 

The physiological means to lower LDL 
concentration is through a stringent diet that is 
low in cholesterol and saturated fat. If this 
fails, drugs can be used. These include statins, 
cholesterol-absorption inhibitors, and bile 
acid-binding resins, all of which function by 
depleting the liver of cholesterol and increas- 
ing the number of hepatic LDL receptors. 
Statins inhibit 3-hydroxy-3-methylglutaryl 
coenzyme A reductase, the rate-controlling 
enzyme in cholesterol synthesis (/6). This 
action depletes liver cholesterol and activates 
a transcription factor called SREBP (sterol 
regulatory element-binding protein), which 
increases the expression of mRNA encoding 
LDL receptor (/7). The increased numbers of 
LDL receptors produce a selective fall in LDL 
concentration (/8). Statins have been in wide- 
spread use for 20 years, and placebo-controlled 
stuf¥ePhh Poesy Peasents, hive feircSupportery 


low incidence of side effects, primarily rare 
muscle necrosis and occasional increases in 
circulating liver enzymes (3). 

The use of cholesterol-lowering drugs has 
been restricted to individuals suspected to be at 
high risk for myocardial infarction. Treatment is 
usually initiated at ages in which the atheroscle- 
rotic process is likely to have already advanced. 
One objection to earlier use has been cost. This 
objection may be overcome by the availability of 
low-cost generic statins. Generic statins are an 
option for relatively young individuals with 
LDL-C levels that are “normal” for the U.S. pop- 
ulation, but are above the levels that offer protec- 
tion from heart attacks. Selection of individuals 
for preventive treatment would improve if we 
had reliable noninvasive methods to diagnose 
early atherosclerosis. 

Current data justify initiating more aggres- 
sive drug therapy at the first sign of hypertension 
or diabetes, even when blood pressure and glu- 
cose levels can be controlled. Current guidelines 
of the U.S. National Institutes of Health-spon- 
sored Cholesterol Education Treatment Panel 
(19) recommend lowering plasma LDL-C con- 
centration to 70 mg/dl in people at high risk for 
early heart attack. Concern over whether these 
recommended levels are too low should be tem- 
pered by the reality that the average level of 
plasma LDL-C in newborn infants throughout 
the world is only 50 to 70 mg/dl (20) and that 
LDL-C levels remain at or below 100 mg/dl on 
average throughout life in populations that con- 
sume low-fat diets (/3). 

Although studies of PCSK9 are still in their 
infancy, they suggest a new approach to enhanc- 
ing the effectiveness of statins and other drugs 
that deplete cholesterol in the liver and raise 
LDL receptor number. Mouse experiments indi- 
cate that SREBP, the transcription factor that in- 
creases the expression of LDL receptors, also 
increases the production of PCSK9 (2/, 22). 
Depletion of liver cholesterol activates SREBPs, 
thereby increasing LDL receptor numbers (/7), 
but also increasing PCSK9 levels (23). The 
PCSK9 destroys some of the LDL receptors, 
thereby partially negating the LDL-lowering 
effect. A PCSK9 inhibitor should synergize 
with cholesterol-depletion therapy in raising 
LDL receptor number and lowering plasma 
LDL concentration (7). 

Admittedly, our knowledge of the patho- 
genesis of atherosclerosis is incomplete, and 
more research is needed. We do not know pre- 
cisely how LDL particles cause the inflamma- 
tory and proliferative lesions of the atheroscle- 
rotic plaque. Although we measure LDL by its 
cholesterol content, the most toxic component 
may be its fatty acids or phospholipids. Also, 
we cannot be certain that the atherogenic effect 
of PCSK9 is due solely to its LDL-elevating 
action. It is possible that PCSK9 also exerts a 
direct toxic effect on the arterial wall and that 
loss-of-function mutations reduce atheroscle- 
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rosis by avoiding this toxicity as well as by 
lowering LDL levels. Despite these unan- 
swered questions, the data on PCSK9 are con- 
sistent with the extensive genetic, epidemio- 
logic, experimental, and therapeutic data that 
justify an aggressive public health program 
aimed at lowering LDL levels before the ather- 
osclerotic process has become advanced. Early 
intervention may well put an end to the epi- 
demic of coronary heart disease that ravaged 
Western populations in the 20th century. 
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CHEMISTRY 


Dissolved Natural 
as a Microreactor 


John P. Hassett 


Imost all organic molecules dissolved in 
fresh and marine waters come from nat- 
ural sources, ultimately derived from 
decay of algae and higher plants. These mole- 
cules form a very complex mixture whose under- 
lying molecular structures are poorly character- 
ized (1). Consequently, they are often referred to 
in aggregate as dissolved organic matter (DOM) 
and quantified as 
dissolved organic 
carbon (DOC). 
They are also re- 
ferred to as aquatic 
humic substances, in 
recognition of a similarity between freshwater 
DOM and soil organic matter. Although chemical 
characterization of DOM is elusive, properties 
of DOM that influence the physical and chemi- 
cal behavior of natural and pollutant ions and 
molecules in water have often been investigated. 
On of this issue, Latch and McNeill 
(2) present a striking study of how DOM can 
enhance the reactivity of a hydrophobic mole- 
cule by bringing it into close association with a 
photochemically produced, short-lived reactant, 
singlet oxygen. 
Hydrophobic contaminants in water are a 
major concern. Those that are chemically and bio- 
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logically stable, such as the insecticide DDT, 
accumulate in aquatic food chains and can reach 
levels that threaten fish-eating organisms such as 
humans and predatory birds. Some, such as 
2,3,7,8-tetrachlorodibenzodioxin (TCDD), are 
very toxic. Others, such as natural and synthetic 
steroid hormones, can disrupt endocrine func- 
tions in aquatic organisms. DOM has both 
hydrophobic and hydrophilic groups, giving it 
micelle-like properties. Therefore, it is able to 


o- 


Organic matter dissolved in rivers and oceans 
undergoes poorly understood complex 
reactions, including the light-induced 
formation of a highly reactive form of oxygen 
that can subsequently react with pollutants 
and water contaminants. 


bind other molecules by hydrophobic interac- 
tions. Hydrophobes in apparent solution in natural 
waters may thus exist in two states: one that is 
truly dissolved and one that is bound to DOM 
(see the figure). This binding decreases a hydro- 
phobe’s apparent volatility, bioavailability, and 
attachment to particles and increases its apparent 
solubility. Binding also brings a hydrophobe into 
a chemical environment that is distinct from 
water, and so can affect its reactivity. 

DOM contains groups (chro- 
mophores) that absorb sunlight. 
Absorbance is strongest in the ultravi- 
olet but often extends into the visible 


H.. 
Bs AIR portion of the spectrum, giving the 

=——=__ brown color often associated with 

water from wetlands (bogs, peatlands, 

water and swamps). Absorption of light by 


Hydrophobe-DOM interactions. Truly dissolved hydrophobic 
molecules (Hg) can be bound (H,) to dissolved organic matter, 
decreasing their ability to be captured by particles (H,), taken up 
by organisms (H,j,), or escape into the atmosphere (H,;,). When 
bound to DOM, they are more likely to encounter photochemically 
produced, short-lived reactants such as singlet oxygen (*02), 
superar ROoUGhy HriesadtcalT tk) for Byrptad electron (€° hyq). 


this chromophoric DOM (CDOM) 
can lead to formation of short-lived 
reactive products such as singlet oxy- 
gen ('O,). Although many of these 
products can react with hydrophobic 
compounds in water, their concentra- 
tions as measured with hydrophilic 
probes (furfuryl alcohol in the case 
of singlet oxygen) are too low 
to be important even at diffusion- 
controlled rates. However, Blough 
(3) and Burns et al. (4) have demon- 
strated that ions or molecules associ- 
ated with DOM encounter higher 
concentrations of short-lived reac- 
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tants and react faster than expected on the basis of 
bulk solution concentrations of the reactants. 
Thus, CDOM is a microreactor that enhances the 
reactivity of a molecule by bringing it into close 
association with a very reactive intermediate. 
Latch and McNeill now demonstrate that hydro- 
phobic molecules bound to CDOM encounter 
much higher concentrations of singlet oxygen pro- 
duced photochemically from CDOM by light in 
the solar spectrum. A probe that is essentially com- 
pletely bound to CDOM reports a 'O, activity that 
is more than 100 times the average concentration 
encountered by hydrophilic furfuryl alcohol. The 
environmental significance of this finding is that a 
hydrophobic molecule that is only 10% bound to 
CDOM will still encounter a 'O, activity that is 10 
times the average concentration in the whole solu- 
tion. Therefore, the potential for degradation of 
compounds susceptible to reaction with 'O, is 
much greater than expected on the basis of experi- 
ments with furfuryl alcohol. Latch and McNeill 
introduce a model for distribution of 'O, and find 
that it is limited to the CDOM matrix and to a 
“corona” that extends out a few nanometers from 
each CDOM molecule. Thus, it appears that most 
of the solution contains essentially no 'O,. The 
concept of a corona predicts enhanced reactivity 
not only of hydrophobic compounds but also of 
cations such as protonated amines attracted to the 
net negative charge of DOM. Blough (3) in fact 


observed this to be the case for cationic nitroxides 
reacting with photochemically produced radicals. 

The localized nature of these reactions leads to 
quantitative differences from results expected for 
a homogeneous solution. Hydrophilic scavengers 
of 'O, or other reactive intermediates have little 
affinity for the DOM matrix and therefore have a 
low probability of being present where 'O, is 
formed. Thus, they are much less effective at 
interfering with the reaction of a hydrophobic 
molecule than would be expected in a homoge- 
neous water solution. Latch and McNeill demon- 
strate this for azide ion, which has little quenching 
effect on the intra-DOM reaction, and also for 
D,O, which promotes reaction in homogeneous 
solution by stabilizing 'O, but has no promotional 
effect on the intra-DOM reaction. Conversely, a 
hydrophobic scavenger ((-carotene in this case) is 
much more effective than expected. However, 
molar concentrations of hydrophobic compounds 
in natural waters tend to be much lower than 
the concentrations of DOM, leaving most of the 
DOM molecules unoccupied. Consequently, sub- 
stantial quenching of intra-DOM reactions by 
hydrophilic or hydrophobic scavengers is unlikely 
under normal environmental conditions. 

Latch and McNeill use custom-made probe 
molecules that are ideal for these types of stud- 
ies. Hydrophobic molecules are difficult to work 
with in water solution because of their low solu- 


bility and tendency to attach to surfaces. By 
measuring the chemiluminescence of the reac- 
tion product, the authors are able to achieve very 
low detection limits on small subsamples. This 
helps to minimize spurious results from mole- 
cules attached to the container wall that might be 
included if the entire solution was extracted. 
They are also able to observe production of a 
product rather than disappearance of a reactant, 
which greatly aids monitoring slow reactions 
that can still be important in the environment. 
Intra-DOM reactions have received little 
attention, but as the present work demonstrates, 
they may be important photochemical mecha- 
nisms for transformation of organic chemicals in 
the environment. This has recently been shown to 
be true for intra-DOM reaction of the insecticide 
mirex in Lake Ontario (5), and is likely to be so 
for other compounds and other systems as well. 
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EVOLUTION 


Tracing Oxygen’'s Imprint 
on Earth's Metabolic Evolution 


Paul G. Falkowski 


nonequilibrium cycles of electron trans- 

fers involving primarily five elements: 
hydrogen, carbon, nitrogen, oxygen, and sulfur 
(Z). Although biophysical and biochemical reac- 
tions catalyze specific electron transfers at a 
local, molecular level, the metabolic conse- 
quences are global. Through opportunity and 
selection, metabolic pathways evolved to form 
an interdependent, planetary “electron market” 
where reductants and oxidants are traded across 
the globe. The exchanges are made on a plane- 
tary scale because gases, produced by all organ- 
isms, can be transported around Earth’s surface 
by the ocean and atmosphere. Exactly how these 
five elements came to form an electron market 


L» on Earth created, and is dependent on, 
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place remains largely unresolved, however. On 
of this issue, Raymond and Segré (2) 
use an ingenious bioinformatics approach to 
reveal the evolution of metabolic pathways. 
Their analysis elegantly reveals not only the 
profound role that molecular oxygen (O,) has 
played in shaping the electron market place, but 
also the evolutionary constraints on, and trajec- 
tories of, the ensemble of electron traders. 
Before the evolution of free O, ~2.3 billion 
years ago (3, 4), there was a glut of reducing 
equivalents on Earth’s surface. The first traders 
consumed electrons from the large populations 
of potential donors, including H,, H,S, and CH, 
(5). These electrons, extracted either with the 
release of energy or with the aid of low-energy 
(infrared) solar photons, were sold at relatively 
low energy prices to acceptors such as CO, and, 
to a lesser extent, SO,. Although there was a very 
large pool of an alternative electron acceptor, N,, 
considerable metabolic energy is required to 
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As oxygen built up in Earth’s atmosphere 
during the Precambrian, organisms evolved 
more complex biochemical networks. This 
expansion made feasible oxygen-dependent 
metabolisms that coopted parts of preexisting 
anaerobic ones. 


tures. Over the first 2 billion years of Earth’s his- 
tory, the electron market evolved to produce a 
well-structured set of metabolic pathways dis- 
tributed among groups of interconnected anaer- 
obic microbes, each selected to conduct one, or at 
most a small subset, of redox reactions. Because 
of the relatively large investment in energy to oxi- 
dize water, the biggest electron-donor pool, H,O, 
remained biologically inaccessible. 

When and how the first photosynthetic organ- 
isms evolved that were capable of oxidizing water 
to oxygen remains one of the great mysteries 
in the evolution of life on Earth (6). However, 
between ~3.2 and 2.4 billion years ago, either 
through progressive gene duplication events and 
selection, or by massive lateral transfer of genes, 
or both (7, 8), an organism emerged that was capa- 
ble of extracting four electrons from two mole- 
cules of water to form free O, as a metabolic waste 
product. This waste product proved not only 
highly useful as an electron acceptor, but also 
potentially damaging to the intricate metabolic 
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networks that had evolved over the 
first 2 billion years of Earth’s history. 
The oxidation of water requires 1.2 V 
per electron. The only viable source of 
energy to sustain this reaction is 
higher energy (visible) solar radiation 
(9). Hence, oxygenic photosynthesis 
was confined to a thin film of sunlit 
water on the surface of the planet. 
Over a relatively short period of geo- 
logical time (~100 million years), O, 
built up in Earth’s atmosphere, such 
that by 2.2 billion years ago, the old 
electron market place, which had 
operated so smoothly for so long, was 
in danger of becoming a historical 
relic, to be supplanted by a new, high- 
powered machine that used the latest, 
most complex, energy-transducing 
process (10). The core machinery for 
this process evolved only once on 
Earth, and because of protein-protein, 
protein-cofactor, and protein-lipid 
interactions, the fundamental design became an 
immutable, “frozen” metabolic accident, encoded 
by a set of highly conserved genes (//). But with 
the appearance of this new technology, the elec- 
tron traders, which had evolved under anaerobic 
conditions, had to accommodate the new oxidant, 
go into hiding, or become extinct. 

Over the next 1.5 billion years, the oxidation of 
the atmosphere and, ultimately, oceans depleted 
Earth’s surface of many of the reductants that were 
so abundant in the first half of the planet’s history. 
Most of the anaerobic machinery in these organ- 
isms was corralled by the oxidizing conditions into 
relatively small, fragile, hypoxic or anaerobic 
reserves. However, some microbes broke free and 
either modified parts of their metabolic machin- 
ery, or formed symbiotic associations that permit- 
ted them to couple the oxidation of organic matter 
to the reduction of O, back to water. This super- 
charged respiratory pathway yielded four times as 
much energy per molecule of glucose oxidized 
than any of the ancient anaerobic pathways, but it 
came at a price. The triplet ground state of O, is 
highly reactive, and one misstep in an electron 
transfer can yield peroxides, superoxide, and/or 
hydroxyl anion radicals, collectively called reac- 
tive oxygen species. Reactive oxygen species can 
be highly destructive, oxidizing membrane lipids, 
ripping cofactors from proteins, and even oxidiz- 
ing polymeric molecules such as proteins and 
nucleic acids (/2). Rather than abandon O,, selec- 
tion salvaged and remodeled parts of the old, 
anaerobic machinery. This gave rise to both enzy- 
matic and nonenzymatic mechanisms to protect 
the genetic investment in the core metabolic path- 
ways that drive the “water-water” cycle upon 
which most life on Earth would come to depend. 
The protective pathways evolved in turn from gene 
duplication and lateral gene-transfer processes to 
spread across all three domains of life, but were 
absolutely essential to the evolution of eukaryotic 
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organisms, from which all animals and plants 
descend (13, /4). 

But the influence of O, did not stop there. 
Novel secondary gene products, including sterols 
(and their derivatives), indoles and alkaloids, sev- 
eral antibiotics (including penicillins), and some 
detoxifying pathways, evolved to become oblig- 
ately oxygen dependent. Indeed, as Raymond and 
Segré enumerate in their meta-metabolomic 
analysis of 70 genomes [from the Kyoto Encyclo- 
pedia of Genes and Genomes (/5)], O, is pre- 
dicted to be either directly involved in, or indi- 
rectly associated with, more than 10° metabolic 
reactions not found in anaerobes. Hence, the evo- 
lution of O, not only created redox energy cou- 
ples that would allow complex animal life to 
evolve in the Ediacarian and Cambrian periods 
(approximately 630 to 490 million years ago), but 
also precipitated an evolutionary explosion of 
unpredictable, alternative, as well as novel path- 
ways that gave rise to a wide variety of secondary 
gene products that increased fitness through 
regulation of gene expression, modification of 
behavior, and protection against competitors. The 
metagenomic analysis reveals how the rise of O, 
forced a selection of parts of anaerobic metabolic 
pathways from ancestral genes and, through 
processes not yet fully understood, appropriated 
the salvaged bits and pieces to construct an 
expanding galaxy of interdependent, and increas- 
ingly complex, metabolic pathways that became 
dependent on O,. This is the biological equivalent 
of grabbing the most valuable possessions (includ- 
ing pictures of your ancestors) when your house 
is on fire, so that you may be able to start life 
anew after the catastrophe. 

We still have a long way to go to understand 
how life evolved and how singular events (such as 
the rise of oxygen) altered evolutionary trajecto- 
ries on Earth. The study by Raymond and Segré 
reine frofittytRaesentstidharfoprSupsostare 
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The evolution of genomic complexity and 
metabolic pathways during Earth’s history. 
The earliest origin of life is not known. 
However, assuming a single last universal 
common ancestor evolved in mid-Proterozoic, 
there is evidence of microbial life. When oxy- 
genic photosynthesis evolved is not clear, but 
geochemical data suggest that between ~2.3 
and 2.2.billion years ago, there was sufficient 
oxygen in the atmosphere to permit an ozone 
layer to form. That singular event appears to 
have precipitated a massive increase in 
genome and metabolic complexity, culminat- 
ing in the rise of metazoans around 600 mil- 
lion years ago, and the rise of terrestrial plants 
around 430 million years ago. The feedbacks 
in the evolutionary trajectory have led to 
increasing genomic and metabolic complexity. 


nonlinear and, over time, create “emer- 

gent” properties, which, by definition, can- 

not be predicted by reductive analyses. 

Ironically, bioinformatics itself is an emer- 

gent property of technology. The very tools 
used by Raymond and Segré to find the patterns 
of metabolic relationships were made possible by 
sequencing and annotation technologies devel- 
oped primarily for the human genome project, by 
computer scientists searching for algorithms to 
organize and find relationships within the sea of 
data produced by genome sequencing, and by 
organismal microbial ecologists, who painstak- 
ingly isolate and grow individual organisms, 
study their metabolic pathways, and extract and 
purify their DNA so that the sequences obtained 
can be assembled into genomes. Although it is 
difficult to predict the emergent tools from pres- 
ent investments in science or technology, it is cer- 
tain they will allow us to better understand the 
pathways that led to the connectivity and com- 
plexity in the electron market we observe on the 
planet today. 
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Mutation Pressure and the Evolution of 
Organelle Genomic Architecture 


Michael Lynch,t+ Britt Koskella,* Sarah Schaack* 


The nuclear genomes of multicellular animals and plants contain large amounts of noncoding DNA, 
the disadvantages of which can be too weak to be effectively countered by selection in lineages 
with reduced effective population sizes. In contrast, the organelle genomes of these two lineages 
evolved to opposite ends of the spectrum of genomic complexity, despite similar effective 
population sizes. This pattern and other puzzling aspects of organelle evolution appear to be 
consequences of differences in organelle mutation rates. These observations provide support for the 
hypothesis that the fundamental features of genome evolution are largely defined by the relative 
power of two nonadaptive forces: random genetic drift and mutation pressure. 


he evolution of eukaryotes, and sub- 
sequently of multicellularity, was ac- 
companied by dramatic changes in the 
nuclear genome, including expansions in sizes 
and numbers of introns, proliferation of mobile 
elements, and increases in lengths of intergenic 
regions. The continuity in scaling of these 
architectural features with genome size across 
major phylogenetic groups suggests that cellular 
and developmental features are not the primary 
driving forces in genome evolution, and the 
hypothesis has been raised that expansions in 
genome complexity are largely driven by two 
nonadaptive processes, random genetic drift and 
mutation (J, 2). If this hypothesis is correct, it 
ought to apply to all genomic regions. 
However, in contrast to the shared patterns 
of evolution in the nuclear genomes of animals 
and plants, the organelle genomes of these 
lineages have evolved in radically different di- 
rections. Animal mitochondrial genomes are 
highly streamlined, whereas plant mitochondri- 
al genomes contain large amounts of noncoding 
DNA. Is the theory less general than supposed, 
or do unique features of various organelle 
lineages encourage different evolutionary tra- 
jectories? Here we argue that when differences 
in mutation rates are accounted for, patterns of 
variation in organelle genome architecture 
support the theory that multiple aspects of ge- 
nomic complexity owe their origins to non- 
adaptive processes. 


Scaling of Mitochondrial Genome Content 

Over the range of eukaryotic diversity, the 
scaling of mitochondrial genome content with 
genome size is quite similar to that in nuclear 
genomes (/, 2). The largest genome-size ex- 
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pansions are only weakly associated with gene 
number and primarily reflect increases in intronic 
and intergenic DNA [Fig. 1 and (3)]. However, 
in contrast to the situation with nuclear genomes, 
animals and plants occupy positions at the oppo- 
site ends of this gradient. The diminutive mito- 
chondrial genomes of animals generally fall in 
the range of 14 to 20 kb, whereas plant mitochon- 
drial genome sizes range from ~180 to 600 kb. 
Most unicellular species have intermediate as- 
pects of mitochondrial genomic architecture and 
contain many genes absent from animal mito- 
chondria (4). Thus, mitochondrial genomic archi- 
tecture does not show overlap between animals 
and plants; this incongruity appears to be a con- 
sequence of contrasting evolutionary pressures 
unique to each lineage, with a strong ancestral 
component. 

To put these results in a broader perspective, 
the average fractions of intergenic DNA in the 
nuclear genomes of vertebrates [0.65 (SEM = 
0.05)], invertebrates [0.64 (0.03)], and plants 
[0.68 (0.10)] (1) are comparable to that for 
plant mitochondria, 0.72 (0.07). In contrast, the 
fraction of noncoding DNA in most animal 
mitochondria is just 0.05 to 0.10, less than that in 
any eukaryotic nuclear genome, and even below 
the average for prokaryotes, 0.12 (0.01) (J). 


Mutation Rate 


The two primary nonadaptive forces influencing 
genomic evolution are mutation, which defines 
the excess vulnerability of genes with complex 
structural features, and random genetic drift, 
which defines the magnitude of stochasticity in 
the evolutionary process (J). Any attempt to 
explain organelle genome diversity must ad- 
dress these issues. Comparative analysis of 
mitochondrial protein-coding genes implies sub- 
stantial mutation-rate differences among major 
phylogenetic groups (Table 1). Rates of silent- 
site divergence range from 15 to 34 substitu- 
tions per site per billion years for all bilaterian- 
animal groups, whereas the average for plants is 
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are fairly similar in animal and plant nuclear 
genomes (/, 5). Mitochondrial mutation-rate 
estimates in bilaterians are ~9 to 25 times those 
for the nuclear genomes in the same lineages, 
whereas the rates for most plants are ~0.05 times 
the nuclear rate (Table 1). This estimated 
disparity in mitochondrial mutation rates may 
be downwardly biased, as the only direct 
measures of the mitochondrial rate in animals 
are ~10 times the phylogenetically derived es- 
timates, possibly because silent sites are not 
entirely neutral (6, 7). 

The fact that unicellular eukaryotes have 
similar mitochondrial and nuclear mutation rates 
(Table 1) suggests that animal and plant mito- 
chondria, respectively, acquired higher and lower 
mutation rates, rather than one of these lineages 
retaining the ancestral condition. At least three 
factors may promote elevated mutation rates in 
animal mitochondria. First, mitochondria gener- 
ate free oxygen radicals, producing an internal 
environment with an exceptionally high muta- 
genic potential (8). Second, in contrast to nuclear 
DNA, mitochondrial DNA (mtDNA) is contin- 
uously replicated within nondividing cells, and 
the base-misincorporation rate (before proof- 
reading) is ~ 10° to 10* times that in the nuclear 
genome (9). Third, few mitochondrial genomes 
encode DNA repair proteins, although some mito- 
chondrial repair genes were apparently transferred 
to the nucleus during the establishment of the pri- 
mordial mitochondrion. Mitochondrial nucleotide- 
excision repair may have been entirely lost, and 
mismatch repair is greatly curtailed in mammalian 
cells relative to yeast (J0). Less clear are the 
reasons for the dramatic reduction in plant 
mitochondrial mutation rates, although this fea- 
ture is not entirely invariant (//). 


Genetic Effective Population Size 

The genetic effective size of a population (N,), 
which defines the power of random genetic 
drift, is a function of the absolute number of 
individuals in the population, the mating 
system, the degree of genetic linkage, and the 
background mutation rate (J, /2). Although 
there is substantial variation within lineages, the 
average N, for nuclear genomes is substantially 
reduced in multicellular species; it is ~107 for 
unicellular eukaryotes, ~10° for invertebrates 
and annual plants, and ~ 10+ for vertebrates and 
trees (1). Thus, from the standpoint of drift, 
the population-genetic environments of animal 
and plant nuclear genomes are quite similar. Does 
this conclusion extend to organelles? 

It is commonly argued that haploidy and uni- 
parental inheritance reduce the effective number 
of organelle genes per locus (N,) in a diploid 
population to about one-quarter that for nuclear 
genes (/3). (Nz equals the effective number of 
segregating units at the population level 2N, for 
a nuclear locus and is approximately the 
effective number of females for a maternally 
inherited organelle.) This argument overlooks 
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Fig. 1. Scaling of genome content with mitochondrial genome size, color coded according to major 
organismal groups (3). Diagonal lines denote points of constant fractional genomic contributions. Data 
points at the base of the graph (i.e., 10~3) denote zero content. 


Table 1. Rates of mutation per nucleotide site in mitochondria estimated from phylogenetic 
comparisons under the assumption of neutral silent sites (u,,, in units of 10~° base substitutions 
per site per year), and ratios of mutation rates (1,,/1,) and effective number of genes (W,,,/N,,) in 
mitochondrial (m) versus nuclear (n) genomes (3). Plants are defined to be multicellular members of 
the chlorophyte lineage. SEM in parentheses, a convention used throughout the paper. 


Phylogenetic group Un Hin!Pn Nom!Non 
Mammals 33.88 (6.11) 24.60 (5.80) 1.27 (0.43) 
Birds 17.34 (4.88) 13.72 (2.86) 

Reptiles/amphibians 15.43 (3.70) 24.68 (8.12) 2.18 (0.37) 
Fish 23.11 (12.70) 

Bilaterian invertebrates 16.86 (8.70) 8.84 (3.17) 0.31 (0.14) 
Plants 0.34 (0.07) 0.05 (0.01) 

Uni/oligocellular species 1.58 (0.48) 0.49 (0.16) 


two key issues. First, the “one-quarter rule” 
assumes an identical level of selective interfer- 
ence in nuclear- and organelle-housed genes. 
The absence of recombination in animal mito- 
chondria is one reason why this might not be 
true [e.g., (/4)], but there are other complicating 
factors: Nuclear chromosomes contain many 
more potential targets for selective sweeps; the 
distributions of mutational effects driving selec- 
tive interference may differ between the two 
types of genomes; and the organelle genomes of 
some unicellular species and plants do re- 
combine (/5). Second, the one-quarter rule as- 
sumes that males and females are equivalent 
with respect to progeny production. In principle, 
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a low ratio of male to female participants in 
mating (common in animals) can reduce the 
effective number of nuclear genes below that of 
maternally inherited organelle genes (/6). Given 
these complexities, the degree to which the 
population-genetic environment differs among 
organelle and nuclear genes can only be re- 
solved by empirical study. 

From observations on mutation rates (Table 
1) and within-population silent-site variation for 
mitochondrial versus nuclear genes (m,,, versus 
T.,), the ratio of N, for mitochondrial versus 
nuclear loci can be estimated (3). The average 
ratios for invertebrates and unicellular species 
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consistent with the ‘“‘one-quarter” rule, whereas 
Nn vertebrates is generally one to two times 
N,,, For plant mitochondrial genes, within- 
population polymorphisms are usually almost 
entirely absent, so few attempts have been 
made to estimate m,,. However, if we take 
0.001 to be a conservative upper bound (3), and 
note that the range of m,, for plant nuclear 
genes is ~0.003 to 0.04 (/), then Now! Non is 
<0.5 and <6.6, respectively. All of these results 
imply that N,,, and N,,, within species are 
generally within a factor of 4 or so from each 
other. Thus, given the similarity of N,,, in ani- 
mals and plants, the altered patterns of mito- 
chondrial genome evolution in these lineages 
do not appear to be a consequence of a radical 
change in the power of random genetic drift. 
This leaves mutation as the likely determinant. 


The Mutational Barrier to Organelle 

Genome Evolution 

A key determinant of many aspects of genomic 
evolution is the ratio of the per-generation rate 
of mutation per nucleotide site (1) to the power 
of random genetic drift (1/N,), i-e., N,} (Z), and 
it is useful that the within-population sequence 
divergence at silent sites (n,) has an expected 
value equal to twice this quantity under drift- 
mutation equilibrium. In the nuclear genome, 1, 
is generally <0.01 in animals and plants and 
severalfold higher in unicellular species with 
elevated N, (J). In contrast, x, for animal 
mitochondrial genomes is generally higher than 
that in unicellular lineages and >100 times that 
in plants (Table 2), in accordance with the re- 
duction in 1 in the latter. These mutation-rate 
driven differences in NV, provide a potentially 
unifying explanation for several previously 
unexplained and disconnected observations on 
organelle genomes. 

Noncoding DNA is a genomic liability from 
the standpoint of mutational vulnerability. For 
example, introns increase the mutational target 
size of their host genes, which must maintain 
specific nucleotide sequences for splice-site rec- 
ognition during mRNA processing (/7). Like- 
wise, intergenic DNA is a mutational substrate 
for the appearance of inappropriate transcription 
factor—binding sites, core promoters, premature 
initiation codons, etc. (18, 19). Theory suggests 
that significant intron proliferation requires 
2N,}1n < 1, where n is the number of nucleo- 
tides reserved for splice-site recognition (/7), or 
equivalently x, < 1/n. For nuclear spliceosomal 
introns, n > 20 implies a threshold 7, for intron 
proliferation of ~0.05, which is consistent with 
the disparities in intron abundance between 
multicellular and unicellular species (/, 2). Be- 
cause organelle introns are self-splicing (i.e., do 
not rely on an external spliceosome), they must 
retain a larger number of nucleotides critical to 
proper splicing, implying a threshold 1, for 
organelle intron proliferation lower than 0.05 
by a factor of perhaps 3 to 5. Consistent with 
the theory, this condition is generally violated in 


SCIENCE 


Table 2. Average silent-site nucleotide diversity (z,), in units of numbers of substitutions per site 
between random pairs of sequences. The sample size (n) denotes the number of pooled genera from 
which the averages were computed (3). Nuclear data are from (2). 


Phylogenetic group Mitochondrion n Nucleus n 
Mammals 0.0406 (0.0087) 12 0.0036 (0.0010) 10 
Birds 0.0169 (0.0053) 4 0.0060 (0.0012) 4 
Reptiles/amphibians 0.0516 (0.0128) 5 0.0013 (0.0008) 2 
Fish 0.0362 (0.0150) 6 0.0046 (0.0012) 5 
Arthropods 0.0276 (0.0056) 17 0.0292 (0.0060) 8 
Molluscs 0.0135 (0.0068) 6 0.0229 (0.0132) 2 
Nematodes 0.0677 (0.0084) 8 0.0272 (0.0168) 2 
Fungi 0.0120 (0.0046) 3 0.0507 (0.0202) 12 
Plants <0.0004 (0.0004) 4 0.0152 (0.0027) 24 


intron-free animal mitochondria but easily met 
in intron-rich plant mitochondria (Table 2). 

Two additional observations support the 
hypothesis that high N,} imposes a barrier to 
organelle intron colonization. First, the only 
animal mitochondria known to harbor introns 
are those of cnidarians (20, 21), which, like plant 
mitochondria, have such low mutation rates that 
within-species nucleotide polymorphisms are 
essentially unobservable, i.e., t, < 0.001 (22). 
Second, in contrast to land-plant mitochondria, 
which generally contain 20 to 30 group II in- 
trons, all observed green-algal mitochondria 
have 0 to 8 mitochondrial introns (Fig. 1) (3). 
It is not known whether the per-generation rate 
of mutation per nucleotide site for green algae 
is similar to that for vascular plants, but an 
elevated N, in the former is expected to pro- 
mote a less permissive environment for intron 
proliferation. 

Another unexplained aspect of mitochondrial 
genome evolution concerns the genetic code. 
Whereas the mitochondria of most unicellular 
lineages have experienced no more than two mito- 
chondrial code changes, those of all bilaterians 
have between 3 and 5, with at least 12 unique 
changes occurring throughout the bilaterian phy- 
logeny (23). In contrast, no reassignments have 
been found in plant mitochondria, and just one 
has been found in a cnidarian. Thus, there is an 
apparent association between the incidence of 
genetic-code alterations and the mutation rate. 

The key first step in genetic-code evolution 
is a transient period during which a codon is 
entirely unused (24). The likelihood of such an 
event is miniscule in nuclear genomes with 
thousands of genes, but nontrivial in organelle 
genomes, ~70% of which completely lack one 
or more codons (25). There are still substantial 
impediments to genetic-code alterations in di- 
minutive organelle genomes, but a central point 
is that codon reassignments must involve a 
series of fortuitous mutational events in the 
same linked genome, including modifications of 
transiently unassigned transfer RNAs (tRNAs) 
and reappearance of lost codons. Thus, the 
inverse scaling between the mutation rate and 
the waiting time for multiple mutations provides 
a reasonable explanation for the uneven inci- 
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dence of mitochondrial genetic-code changes in 
animals, unicellular species, and plants. 

A third peculiar feature of organelle genome 
evolution is the phylogenetic distribution of 
mRNA editing (26). Although a few animals 
use editing to restore mismatches in mitochon- 
drial tRNA stems [e.g., (27)], mRNA editing 
appears to be absent from animal mitochondria. 
In contrast, plant mitochondria use mRNA 
editing extensively. For example, 441 editing 
sites are present in Arabidopsis mitochondria 
(28), and similar levels of mitochondrial editing 
are found in other plants (29). The absence of 
mRNA editing from the organelles of green 
algae suggests a dramatic expansion of editing 
after the origin of multicellular plants (29). 

The vast majority of mRNA editing in plant 
organelles ensures the maintenance of amino 
acids at sites that are conserved across distantly 
related species (30). Although this observation 
motivates the idea that editing provides a 
genomic buffer against the accumulation of 
deleterious mutations (26), three observations 
raise doubts about this interpretation. First, there 
appear to be no phylogenetic barriers to editing 
(26), and yet under the buffering hypothesis, 
editing is expected to be most common in ge- 
nomes with high mutation rates, contrary to the 
pattern seen with animals and plants. Second, 
the buffering hypothesis ignores the complex 
requirements of the editing process itself. Plant 
mitochondrial mRNA editing relies on cis- 
binding sites for trans-acting editing-site— 
specific proteins encoded in the nucleus (3/, 32). 
It is difficult to imagine a net advantage to ed- 
iting if the processing of each site depends on 
numerous cis and trans sequences. Third, edit- 
ing in plant organelles produces a heterogeneous 
pool of transcripts, some incompletely edited and 
others containing erroneous changes (33). Final- 
ly, mutations that restore the proper nucleotide 
at a previously edited site should accumulate at 
the neutral rate under the buffering hypothesis, 
but actually occur at four times the rate of silent- 
site substitution, which suggests a selective dis- 
advantage to editing (34). 

The mutation-pressure hypothesis helps 
explain these paradoxical observations by pos- 
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some recognition sites imposes a mutational 
burden on an allele. The minimal mutational dis- 
advantage of an editing site is approximated by 
the total mutation rate over the nucleotide sites 
reserved for editing-site recognition, >23 for 
plants (3/, 32), which implies a threshold n, < 
0.04 for the maintenance of editing sites. Thus, 
the absence of mRNA editing in animal mito- 
chondria is in accordance with the hypothesis 
that the mutation-associated disadvantages are 
simply too great to allow its establishment, 
whereas 1, for plant mitochondria is well below 
the barrier to the accumulation of editing sites. 

These observations on the attributes of 
mitochondrial genomes, combined with prior 
analyses of nuclear genomes (J, 2), lend gen- 
erality to the conclusion that the primary factors 
driving genome architectural evolution are non- 
adaptive in nature. Although analyses spanning 
all of eukaryotes leave little room for indepen- 
dent hypothesis testing, a third opportunity is 
provided by the more phylogenetically limited 
chloroplast lineage. Studies of silent-site diver- 
gence in plants suggest that chloroplast muta- 
tion rates are about two to four times those in 
mitochondria and about 1/10th those in nuclei 
(35, 36), and the limited data for species with 
silent-site diversities measured jointly in chlo- 
roplast and nuclear genomes (3) suggest a ratio 
of NV. A of 1.03 (0.45). In addition, the average 1, 
for plant chloroplasts, 0.0037 (0.0011) (3), is 
>10 times that for plant mitochondria but about 
1/10th of that for animal mitochondria (Table 1). 
These observations suggest that, although the 
power of random genetic drift is roughly com- 
parable in all three compartments of the plant 
genome, the efficiency of selection in the chlo- 
roplast is intermediate to that for animal and 
plant mitochondria, although much closer to the 
latter. 

In accordance with the mutation-pressure 
hypothesis, intron densities per protein-coding 
gene and fractional contributions of intergenic 
DNA in plant chloroplasts are about one-third 
those in plant mitochondria (3). In addition, 
plant chloroplasts have experienced no genetic- 
code changes, and although editing is much less 
extensive than in plant mitochondria, there are 
still ~25 to 30 editing sites per genome (30). 
With the exception of euglenoids, which may 
be obligately asexual and highly vulnerable to 
selective interference, the chloroplast genomes 
of the main algal groups (with presumably 
larger N,, than plants) are completely lacking in 
introns or nearly so and also tend to have much 
lower levels of intergenic DNA (green algae 
being exceptions) (3). 


Concluding Comments 

Because mutation and random drift are univer- 
sal genetic forces, before invoking natural 
selection as the underlying determinant of an 
observed pattern of biodiversity, an evaluation 
of the expectations under a purely nonadaptive 
scenario is desirable. Natural selection is clearly 
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a significant force on organelle gene-sequence 
evolution (37, 38), but selective arguments for 
the architectural features of organelle genomes 
have remained elusive. Although it has been 
suggested that an intracellular “race to replica- 
tion’? is responsible for the streamlining of 
animal mitochondrial genomes (38), it is unclear 
whether broader phylogenetic patterns in organ- 
elle evolution can be explained by variation in 
intracellular competition. Perhaps differential 
metabolic demands and/or organelle turnover 
rates are involved, but this remains to be dem- 
onstrated. The arguments presented above help 
explain not just the phylogenetic variation in 
noncoding organelle DNA, but also the peculiar 
distribution of genetic code changes and mRNA 
editing. Thus, while serving as a useful null 
model, the hypothesis that genome evolution is 
strongly influenced by nonadaptive forces 
appears to have broad explanatory power, with 
variation in nuclear-genome architecture being 
primarily driven by variation in N, (/, 2), and 
differences in 11 making a major contribution to 
organelle evolution. 


References and Notes 

1. M. Lynch, Mol. Biol. Evol. 23, 450 (2006). 

. M. Lynch, J. S. Conery, Science 302, 1401 (2003). 

3. Materials and methods are available as supporting 
material on Science Online. 

4. M. W. Gray et al., Nucleic Acids Res. 26, 865 (1998). 


N 


5. W.-H. Li, Molecular Evolution (Sinauer Associates, 
Sunderland, MA, 1997). 
6. D. R. Denver, K. Morris, M. Lynch, L. L. Vassilieva, 
W. K. Thomas, Science 289, 2342 (2000). 
7. N. Howell et al., Am. J. Hum. Genet. 72, 659 (2003). 
8. R. S. Balaban, S. Nemoto, T. Finkel, Cell 120, 483 
(2005). 
9. A.A. Johnson, K. A. Johnson, J. Biol. Chem. 276, 38097 
(2001). 
10. P. A. Mason, R. N. Lightowlers, FEBS Lett. 554, 6 (2003). 
11. Y. Cho, J. P. Mower, Y. L. Qiu, J. D. Palmer, Proc. Natl. 
Acad. Sci. U.S.A. 101, 17741 (2004). 
12. J. H. Gillespie, Genetics 155, 909 (2000). 
13. S. R. Palumbi, F. Cipriano, M. P. Hare, Evol. Int. J. Org. 
Evol. 55, 859 (2001). 
14. S. Berlin, H. Ellegren, Nature 413, 37 (2001). 
15. N. W. Gillham, Organelle Genes and Genomes (Oxford 
Univ. Press, Oxford, UK, 1994). 
16. C. W. Birky Jr., T. Maruyama, P. M. Fuerst, Genetics 103, 
513 (1983). 
17. M. Lynch, Proc. Natl. Acad. Sci. U.S.A. 99, 6118 (2002). 
18. M. W. Hahn, J. E. Stajich, G. A. Wray, Mol. Biol. Evol. 20, 
901 (2003). 
19. M. Lynch, D. G. Scofield, X. Hong, Mol. Biol. Evol. 22, 
1137 (2005). 
20. M. J. H. van Oppen et al., J. Mol. Evol. 55, 1 (2002). 
21. G. Pont-Kingdon et al., J. Mol. Evol. 46, 419 (1998). 
22. T. L. Shearer, M. J. H. van Oppen, S. L. Romano, 
G. Worheide, Mol. Ecol. 11, 2475 (2002). 
23. R. D. Knight, S. J. Freeland, L. F. Landweber, Nat. Rev. 
Genet. 2, 49 (2001). 
24. T. H. Jukes, S. Osawa, Comp. Biochem. Physiol. B 106, 
489 (1993). 
25. J. Swire, O. P. Judson, A. Burt, J. Mol. Evol. 60, 128 
(2005). 
26. T. L. Horton, L. F. Landweber, Curr. Opin. Microbiol. 5, 
620 (2002). 


27. D.V. Lavrov, W. M. Brown, J. L. Boore, Proc. Natl. Acad. 
Sci. U.S.A. 97, 13738 (2000). 

28. P. Giegé, A. Brennicke, Proc. Natl. Acad. Sci. U.S.A. 96, 
15324 (1999). 

29. R. Hiesel, B. Combettes, A. Brennicke, Proc. Natl. Acad. 
Sci. U.S.A. 91, 629 (1994). 

30. T. Tsudzuki, T. Wakasugi, M. Sugiura, J. Mol. Evol. 53, 327 
(2001). 

31. T. Miyamoto, J. Obokata, M. Sugiura, Proc. Natl. Acad. 
Sci. U.S.A. 101, 48 (2004). 

32. E. Kotera, M. Tasaka, T. Shikanai, Nature 433, 326 (2005). 

33. C.G. Phreaner, M. A. Williams, R. M. Mulligan, Plant Cell 
8, 107 (1996). 

34. D.C. Shields, K. H. Wolfe, Mol. Biol. Evol. 14, 344 (1997). 

35. K. H. Wolfe, W. H. Li, P. M. Sharp, Proc. Natl. Acad. Sci. 
U.S.A. 84, 9054 (1987). 

36. B.S. Gaut, B. R. Morton, B. C. McCaig, M. T. Clegg, 
Proc. Natl. Acad. Sci. U.S.A. 93, 10274 (1996). 

37. M. Lynch, Mol. Biol. Evol. 14, 914 (1997). 

38. D. M. Rand, Annu. Rev. Ecol. Syst. 32, 415 (2001). 

39. Supported by grants from the NIH and NSF to M.L., 
an NSF predoctoral fellowship to B.K., and an NSF 
Integrative Graduate Education and Research Traineeship 
Program (IGERT) fellowship to $.S. Some key comments 
from J. Palmer led us to pursue this work. We are grateful 
to M. Neiman, J. Palmer, A. Richardson, and the reviewers 
for helpful comments. 


Supporting Online Material 
SOM Text 

Fig. $1 

Tables $1 to $5 

References 


10.1126/science.1118884 


The Nature and Dynamics of 


Bacterial Genomes 


Howard Ochman* and Liliana M. Davalos 


Though generally small and gene rich, bacterial genomes are constantly subjected to both 
mutational and population-level processes that operate to increase amounts of functionless DNA. 
As a result, the coding potential of bacterial genomes can be substantially lower than originally 
predicted. Whereas only a single pseudogene was included in the original annotation of the 
bacterium Escherichia coli, we estimate that this genome harbors hundreds of inactivated and 
otherwise functionless genes. Such regions will never yield a detectable phenotype, but their 
identification is vital to efforts to elucidate the biological role of all the proteins within the cell. 


he organization of bacterial genomes is 

simple and elegant. These genomes are 

small, ranging from 500 to 10,000 kb, 
and are tightly packed with genes and other 
functional elements. The coding regions them- 
selves are intronless and short, averaging a scant 
1 kb, and are aligned almost contiguously along 
the chromosome. The common view is that the 
streamlining of bacterial genomes is the result 
of selection acting on replication efficiency and 
growth rates. Although this idea is warranted by 
the relatively low ceiling on bacterial genome 
size, there is no clear association between chro- 
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mosome length and cell division rates either 
within or across bacterial species, implying that 
factors other than selection on overall chromo- 
some size contribute to the compactness of bac- 
terial genomes (J). 

The elucidation of complete sequences has 
helped define the forces that shape bacterial ge- 
nomes. Early research showed bacterial genomes 
to be tightly packed with functional elements, 
but unprecedented discoveries from genome 
analyses have shown that the genetic informa- 
tion encoded within bacterial genomes decays 
over evolutionary time scales (2-4). At first, this 
feature seems at odds with the high gene density 
observed in most bacterial genomes, but it is 
actually one of the primary determinants of their 
streamlined organization. All organisms accu- 
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functional regions, but in bacteria (as well as in 
several eukaryotes) there is a mutational bias 
toward deletions over insertions (/, 5—7). When 
disruptions occur in genes that are no longer re- 
quired, the nonfunctional regions can be main- 
tained in the genome for some time, but they 
gradually erode and are eventually eliminated, as 
is evident from comparisons of bacterial pseudo- 
genes with their functional counterparts. In this 
manner, bacterial genomes maintain high den- 
sities of functional genes. 

The primary force countering the erosion of 
genomes is natural selection, which serves to 
maintain the functional regions. The degree of 
selection varies along a continuum depending 
on the role of a gene in cell survival and repli- 
cation: Genes with little contribution to fitness 
are more susceptible to inactivating and dele- 
tional mutations, whereas those that are critical 
will resist such mutation. Moreover, the degree 
of selection acting on any particular gene can 
change over time and according to a specific 
ecological context. For example, the inactiva- 
tion or loss of one or more genes can increase 
the value of others, and changes in bacterial 
ecology or lifestyle might render some genes 
redundant (8). 

As important as the intensity of selection is 
the effectiveness of selection, which depends on 
population size and structure. In very large 
populations, deleterious mutations in beneficial 
genes are not likely to become fixed by chance; 
but in small populations, even useful genes can 


SCIENCE 


be inactivated and deleted. Population-level 
processes operate on all genomes, and their 
effects are even observed in the functional re- 
gions of the human genome (9). Thus, orga- 
nisms with small population sizes are more 
prone to gene decay and loss, even for genes 
that are usually considered beneficial. This is 
the case for pathogens, which typically require 
only small inocula to infect each new host, 
resulting in a reduction in the effective size of 
their populations. 

The impact of these factors is evident from 
the contents and organization of sequenced bac- 
terial genomes. When com- 
pared with their free-living 
relatives, facultative bacterial 
pathogens are seen to harbor 
substantial numbers of pseu- 
dogenes (5, 10) and a popu- 
lation structure that promotes 
the maintenance of delete- 
rious mutations (/, 1/1, 12). 
Such pathogens represent an 
intermediate stage of genome 
erosion relative to the obli- 
gately host-associated line- 
ages, whose genomes are 
highly reduced, having un- 
dergone massive inactivation 
and loss of nonessential 
genes (Fig. 1). When consid- 
ering all bacterial genomes, 


in a gene that will abolish the function of 
its encoded protein. For example, genes in 
adenine + thymine (A + T)-rich genomes are 
often shorter than their homologs in other ge- 
nomes, owing to their propensity toward mu- 
tations that form stop codons (2/, 22). Such 
truncations cannot automatically be taken to 
reflect a global inactivation of genes. Wherev- 
er possible, predicted pseudogenes should also 
be appraised in light of the physiological 
features of the cell. For example, the bacterial 
pathogen Yersinia pestis, unlike its sister taxon 
Y. pseudotuberculosis, requires exogenous me- 
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lll Pseudogenes 


(55 Transposable elements 


Obligate symbiont 
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which, owing to its long history as an ex- 
perimental organism, has the highest propor- 
tion of genes for which functions have been 
determined directly (23-25). Furthermore, 
many genomic features first discovered in 
E. coli (such as gene and operon structure, 
occurrence of mobile elements, mutational 
patterns, and rates of gene exchange and ac- 
quisition) subsequently have been found to be 
characteristic of other bacterial groups. 

Early molecular genetic analyses gave little 
indication that E. coli, or any other bacterial 
genome, might harbor substantial numbers of 
nonfunctional genes. The 
original annotation of the 
E. coli K-12 reported only 
a single pseudogene among 
its 4288 coding regions. 
Because this genome is ex- 
pected to possess all of the 
hallmarks of free-living bac- 
teria (Fig. 1), we set out to 
identify the inactivated and 
nonfunctional portion of the 
E. coli K-12 genome and to 
assess the number and au- 
thenticity of pseudogenes 
predicted by several analyt- 
ical approaches. 


oo 


there appears to be a set of 


only 50 to 100 genes that are 
universally maintained. The 


losses observed in degraded 
and reduced genomes in- 


clude not only those genes 
that are clearly superfluous 
but also many that are ben- 
eficial but not essential, such 
as those involved in DNA 
repair (2, 13, 14). 


Redundant Regions in 
Bacterial Genomes 

Some fraction of genes in 
each bacterial genome will 
not be functional because 
of ongoing mutational and 
population-level processes. 
Most genome annotations 
carry in them the implicit as- 
sumption that all predicted coding DNA se- 
quences (CDSs) confer some (although often 
unspecified, hypothetical, or putative) function 
(/5-18), but the critical task of identifying in- 
activated genes has been largely ignored. 

To understand the functional status of a ge- 
nome, we need to recognize the pseudogenes 
within it. Unfortunately, there are inconsist- 
encies in the methods by which pseudogenes 
are defined (/9, 20). Hence, the assignment of 
pseudogenes must be based on some a priori 
assumptions about the spectrum of alterations 
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Fig. 1. Trends in the size and contents of bacterial genomes. Upon classifying bacteria 
according to their degree of association or dependence on a eukaryotic host, several 
general features emerge (8). Because of their relatively large population sizes, selection 
operates most effectively in free-living species—i.e., those that replicate in the 
environment independently of a host. Because selection is effective in removing 
deleterious sequences, these species usually possess large genomes containing relatively 
few pseudogenes (red) or mobile genetic elements (yellow). In recently derived 
pathogens, the availability of host-supplied nutrients combined with decreases in 
effective population sizes allows for the accumulation of pseudogenes and of 
transposable elements. In long-term host-dependent species, the ongoing mutational 
bias toward deletions has removed all superfluous sequences, resulting in a highly 
reduced genome containing few, if any, pseudogenes or transposable elements. LGT, 
lateral gene transfer. 


thionine and phenylalanine for growth because 
it contains disabled versions of the metB and 
pheA genes (4, 20). 


Finding Pseudogenes 

The availability of genome sequences from 
closely related organisms has considerably al- 
tered the way that genes are recognized and 
annotated, but just how useful and accurate 
are genome annotations for the downstream 
analyses of microbial systems? Their reliabil- 
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Breeding pathogen or pathogen 
Sancmesies Large Intermediate Small Genes and Proteins with 
(5-10 MB) (2-5 MB) (0.5-1.5 MB) Structural Alterations 
Number of pseudogenes Few Many Rare We searched the annotated 
Incidence of LGT Frequent Frequent to rare Rare to none genome of E. coli : K-12 
- - (26) for genes that differed 
Selfish genetic elements Few Common Rare substantially in length from 
Genome organization Stable or unstable Unstable Stable their homologs in the ge- 
Effective population size Large Small Small Dee: eee of close 


relatives (i.e., enteropatho- 
genic E. coli EDL933, uro- 
pathogenic E. coli CFT073, 
and Shigella flexneri 2a, 
which is more closely re- 
lated to K-12 than either of 
the other two E. coli strains). 
As a consequence, more 
than 160 putative coding 
regions in E. coli K-12 were 
predicted to be pseudogenes 
(27, 28). Contained within 
intergenic regions, there were 
47 additional pseudogenes 
that were not recognized as 
such in the original annotation. 

Although the criteria for distinguishing 
pseudogenes differ among studies, the overall 
rationale is the same: The predicted protein 
must be altered to a degree that abolishes its 
function. Such thresholds should derive from 
the known size and organization of functional 
domains within proteins, the observed length 
variation within individual gene families con- 
served across bacteria, and available informa- 
tion on experimentally disrupted proteins. In 
general, we classed as pseudogenes those cases 
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Table 1. Predicted pseudogenes in the E. coli K-12 genome. Functional categories, obtained from the 
1 July 2004 annotation deposited in GenBank, are as follows: Hypothetical genes are CDSs of no 
known function; putative genes are CDSs with homology-derived functions; functional genes have an 
experimentally confirmed function. Essential genes are those determined experimentally to be required 
for aerobic growth in nutrient-rich conditions, as assayed in (29), with numbers of genes of annotated 
(known) and hypothetical (unknown) functions shown. Dashes denote the cases where CDSs predicted 
to be pseudogenes were not tested or yielded ambiguous results in (29). Ten genes of known function 
remain annotated as a “hypothetical” in GenBank. Conversely, there are 23 instances in which the 
GenBank annotation assigned named functions to CDSs based solely on sequence homology, whereas 
they should be classified as “putative.” Gene names, identification numbers, genomic coordinates, 
strand orientations, and functional assignments of annotated CDSs in each category of predicted 


pseudogenes are available in tables $1 to $5. 


Method of recognizing pseudogenes 


Disruption 
KK, SIFT$ Not expressed 
20028 20049] 
Total number detected* 95 68 4 5 62 
Intergenict 47 
Hypothetical 56 59ll 4 1 16 
Putative 27 14ll 0 2 17 
Functional 11 15 0 2 28 
Essential (known/hypothetical) 0/5 2/4 -/- -/- 0/6 


*Numbers of CDSs in the original genome annotation of £. coli K-12 that are putative pseudogenes. Matches to intergenic 


regions not included. 


annotated CDS in the E. coli K-12 genome. Some entries are blank because the methods only apply to annotated CDSs. 
(35) searches for amino acid replacements predicted to disrupt protein function. 
Pseudogenes considered in this column do not overlap with those reported in (27). 


regions to named genes in other E£. coli genomes. 


in which a stop codon or deletion has resulted 
in an encoded protein that is less than 80% of 
the length of its counterpart in the contrasted 
genome and those cases in which a frameshift 
or insertion has altered more than 20% of the 
amino acid sequence (28). 

Because pseudogenes have no role in cel- 
lular processes, their status has to be supported 
by the lack of any direct evidence indicating a 
function. While such validations are condition- 
al and do not prove that a region is inert, au- 
thentic pseudogenes are expected to be among 
those CDSs with functions that have not been 
(and can never be) resolved (Table 1). De- 
spite the extensive biochemical, physiologi- 
cal, and molecular genetic characterization 
of E. coli, no functions have been uncovered 
for more than 90% of the 207 disrupted 
CDSs we found, bolstering their designation 
as pseudogenes. Most of these predicted pseu- 
dogenes are annotated as ‘‘hypothetical,”’ al- 
though some (those designated “putative” in 
Table 1) have been assigned a provisional 
name or function based solely on their 
similarity to sequences already characterized 
in other organisms. Pseudogenes that are 
generated from genes of known function are 
among the most biologically interesting por- 
tions of a genome, because they disclose which 
specific functions are vulnerable to loss during 
the process of genome decay. Although it has 
been hypothesized that disrupted regions might 
take on a new role after their initial inacti- 
vation (19), there are as yet no verified cases in 
bacteria in which a pseudogene has assumed 
a function. 
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tintergenic pseudogenes are disrupted copies of CDSs in other E. coli genomes but do not match any 


$SIFT 
§Data from (27). q[Data from (28). 
llncludes matches of CDSs and intergenic 


Extending this analysis to the other se- 
quenced members of the E. coli/Shigella clade 
has resolved similarly high numbers of pseu- 
dogenes within each genome. Among these 
strains, the genome of the human pathogen S. 
flexneri displayed the highest level of genome 
erosion and degradation, containing more than 
400 truncated or inactivated genes, as well as 
substantial numbers of translocatable insertion 
sequences (ISs) (9, 28). Although the se- 
quenced strains within the E. coli/Shigella 
clade are very closely related (averaging only 
1% in sequence divergence), the set of dis- 
rupted genes harbored by each strain is dis- 
tinct. The lack of pseudogenes shared among 
multiple strains indicates that pseudogenes are 
generated continually, but older pseudogenes 
are eliminated and only rarely persist in bac- 
terial genomes. 

Functions have been specified for 15 of 
the E. coli K-12 pseudogenes we recognized 
(Table 1), including two found to be essential 
for growth in nutrient-rich conditions (29). Se- 
quencing errors resulted in incorrect assign- 
ment as pseudogenes, which have since been 
corrected; the other cases, which represent less 
than 3% of the total sample, are likely to be 
false positives. 


Unconstrained Substitutions 

The most widely used method for identifying 
nonfunctional genes has been the K,/K, test, 
which compares nucleotide substitution rates at 
synonymous sites (K,) to those at nonsynon- 
ymous sites (K,) (30). Regions that are unfettered 
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are expected to have K,/K, ratios that do not 
differ significantly from one. We searched for 
pseudogenes by estimating the K,/K, ratio for 
each of nearly 1500 coding regions shared 
between E. coli K-12 and Salmonella enterica 
serovar Typhimurium strain LT2. We first ex- 
cluded genes subject to extreme codon-usage 
bias as well as short leader peptides, which 
have been shown to give the appearance of 
neutral evolution (30-32), and then we applied 
a likelihood ratio test for detecting selection 
(33) to genes in the top 5% of the distribution 
(K,/K, > 0.104). 

The K,/K, ratio test exposed only four of the 
E. coli/Salmonella homologs as pseudogenes 
(Table 1). If most pseudogenes in the E. coli 
genome are newly derived (and strain specific), 
most of the evolutionary divergence between 
the E. coli/Salmonella homologs must have oc- 
curred while both copies were intact and un- 
dergoing purifying selection. There has simply 
not been sufficient time since the inactivation 
event for new mutations to equilibrate the 
levels of divergence at synonymous and non- 
synonymous sites (28), resulting in K,/K, ratios 
much less than one. 

The K,/K, test, although commonly used 
for detecting nonfunctional regions in eukary- 
otic genomes, is of limited value for uncover- 
ing pseudogenes in bacterial genomes, where 
most pseudogenes are of recent origin (34). 
Nonetheless, this method is robust and those 
few bacterial pseudogenes uncovered in this 
manner are likely to be authentic. As expected, 
no functions have been ascribed to any of the 
four high K,/K, genes in the E. coli K-12 
genome. 


Radical Amino Acid Replacements 

Owing to the high gene density of bacterial 
genomes, the majority of point mutations result 
in amino acid replacements that can potentially 
alter protein function. To search for pseudo- 
genes caused by missense mutations, we used a 
homology-based tool [termed Sorting In- 
tolerant from Tolerant (SIFT)] (35) that sorts 
intolerant from tolerant substitutions. SIFT 
reveals differences in the primary structure of 
an £. coli protein that were sufficient to disrupt 
protein function when compared with orthologs 
present in at least three other sequenced mem- 
bers of the Gammaproteobacteria. The method 
examines all possible amino acid substitutions 
with a set of proteins and predicts those that 
are likely to be deleterious. SIFT identified 
only five genes with encoded proteins that 
contained potentially deleterious amino acid 
replacements (Table 1), suggesting that the 
proportion of single amino acid substitutions 
that completely abolishes protein function and 
generates a pseudogene is low. 


Transcriptional Pseudogenes 
In addition to those encoding nonfunctional 
proteins, pseudogenes can arise when tran- 
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scription is permanently obstructed such that 
no protein is produced. To identify genes that 
are transcriptionally inactivated, we analyzed 
the results of studies of global gene expression 
in E. coli MG1655 (36-38), searching for 
genes that produce no detectable transcripts. 
There were 62 E. coli K-12 genes for which no 
transcripts were detected under any of the 
tested conditions, but for nearly half of these 
genes a function had been assigned. Because 
our analyses were limited to the three studies 
that used identical methods (and reflected a 
natrow range of growth conditions), it is likely 
that we overlooked the particular contexts 
under which many genes are expressed. By 
including an additional experiment that used 
similar but not identical methods (39), the 
occurrence of completely silenced genes was 
reduced to one (the putative acetyltransferase 
ycdJ). The low number of transcriptional 
pseudogenes reflects the evidence that the se- 
quences regulating gene expression span much 
shorter regions than do the coding sequences 
within bacterial genomes, thereby providing a 
smaller target for inactivating mutations that 
silence genes. 


The Functional Component of 
Bacterial Genomes 
By relying solely on comparisons of full genome 
sequences, we estimate that nearly 1 in 20 of the 
annotated coding regions in the E. coli K-12 
genome are pseudogenes and that they tend to 
occur among genes of unknown function. Be- 
cause E. coli K-12 has one of the smallest ge- 
nomes of any £. coli strain (40), it is usually 
considered to have a relatively compact ge- 
nome; however, the number of nonfunctional 
genes is likely to be higher than we predict. 
There are also hundreds of genes in the 
E. coli K-12 genome whose functional status 
cannot be assessed by comparative approaches 
because they have no counterparts in closely 
related genomes. These include 104 known 
prophage- and IS element—associated genes, 
which may encode functional proteins but are 
generally assumed to be dispensable for host- 
cell survival and fitness, as well as numerous 
sequences acquired from distant sources. 
Although it is not possible to specify which 
of the acquired genes are still functional on the 
basis of their sequence characteristics, the 
proportion that will be retained might be es- 
timated by examining their incidence throughout 
the history of the £. coli lineage. Assuming that 
rates of gene transfer and loss have remained 
relatively constant over evolutionary time scales, 
we calculate that an additional 77 K-12 genes 
are expendable and could be removed from the 
genome (4/). When combined with the 172 pu- 
tative pseudogenes and the 104 phage- and IS- 
associated genes, this brings the total number of 
inactivated, nonfunctional, and expendable 
genes in the E. coli K-12 genome to 353, con- 
stituting 8% of the annotated coding regions. 
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Cumulatively, these analyses demonstrate 
that the coding potential of E. coli K-12 is less 
than that expected from the high density of 
predicted CDSs. However, the functional com- 
ponent of a genome is not confined to protein 
coding regions. There are not only transfer and 
ribosomal RNAs that operate in translation but 
also numerous small noncoding RNAs (sRNAs), 
with roles in regulation, as well as in RNA 
processing, stability, and degradation that have 
been detected in the intergenic regions of the 
E. coli genome. The numbers of predicted 
sRNAs in E. coli vary by an order of mag- 
nitude, depending on the particular procedure 
used to search the genome (42-45). However, 
more than a dozen sRNAs have been func- 
tionally characterized in E. coli, and there is 
strong support for at least 50 others (46, 47). 

The ultimate objective of genomics is to elu- 
cidate the biological role and phenotypic con- 
sequence of every nucleotide within a genome. 
Given that most bacterial lineages experience 
a massive turnover of genes through acquisi- 
tion of foreign DNA and loss of existing se- 
quences, any given genome will possess the 
“debris” generated by these dynamics. Delin- 
eating these sites and regions must be a central 
goal if we are to attain a comprehensive un- 
derstanding of genomes. 

E. coli K-12, and indeed most other bac- 
teria, contains fewer functional protein-coding 
regions than anticipated, but many functional 
elements may lay hidden in the noncoding por- 
tion of genomes. Such insights alter our expec- 
tations about the contents and organization of 
bacterial genomes. We now recognize that many 
apparent coding regions might never surrender a 
meaningful phenotype, no matter how sensitive 
the assay. Alternatively, those genomic regions 
not regularly surveyed are likely to control many 
phenotypes. 
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An Integrated Logic Circuit Assembled 
on a Single Carbon Nanotube 


Zhihong Chen,” Joerg Appenzeller,’* Yu-Ming Lin,” Jennifer Sippel-Oakley,” 
Andrew G. Rinzler,” Jinyao Tang,? Shalom J. Wind,* Paul M. Solomon,’ Phaedon Avouris’* 


he excellent electrical properties of 
T single-walled carbon nanotubes (SWCNTs) 

make them the most promising candidate 
for creating transistors on a scale smaller than 
can be achieved with silicon. A field-effect tran- 
sistor (FET), which is the basic component of 
present computer circuitry, has been demon- 
strated based on individual SWCNTs (J, 2). An 
important next step would be the construction 
of integrated circuits along a single SWCNT. 
This achievement would demonstrate that 
SWCNTs can be used as a basis for electronics, 
similar to the way silicon wafers are currently 
used. A ring oscillator is 
the ultimate test for new 
materials in high-frequency 
ac applications and for 
evaluating their compatibil- 
ity with conventional circuit 
architectures. Here we dem- 
onstrate a complementary 
metal-oxide semiconduc- 
tor (CMOS)-type ring os- 
cillator built entirely on 
one 18-um-long SWCNT 
(Fig. 1A). 

In a CMOS inverter, 
both an n-type FET (electron 
carrier) and a p-type FET 
(hole carrier) are needed 
to realize a basic logic 
function. In order to ob- B 
tain both p- and n-type 
FETs on the same SWCNT, 
we controlled the polar- 49 
ities of the FETs by using 
metals with different work 
functions as the gates. 

We chose Pd as the metal c 
gate for the p-FET and Al 

for the n-FET. The differ- <= ° 
ence in the work functions ¥ 99 
of these two metals effec- ~ 


A 


ranging five inverters (10 FETs) side by side 
on one SWCNT, we successfully applied the 
CMOS architecture onto a single molecule to 
realize a ring oscillator circuit. An extra 
inverter stage (two FETs), which eliminates 
interference between the measurement setup 
and the oscillator operation, follows the ring 
oscillator portion to allow for the signal to be 
read by a spectrum analyzer. The inverter 
characteristics (Fig. 1C) show that the gain 
is greater than one. Signal propagation in a 
ring oscillator requires all five inverters to be 
stable throughout the oscillation cycles, and 


signal [dBm] 


‘ + 0.2 
tively shifts the SWCNT 5 PRE ne 
FET characteristics to form 4, 10 20 30 40 50 


a p/n-FET pair (Fig. 1B). 
In each logic cycle, ide- 
ally only one of the two 
FETs is active, with only 
a very small current pass- 
ing through the inverter; 
therefore, CMOS logic 
involves almost no static 
power dissipation. By ar- 


f iency [MHz 
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Fig. 1. (A) Scanning electron microscope image of a SWCNT ring 
oscillator consisting of five CMOS inverter stages. A test inverter was 
added to determine the parameter set for the actual measurement. (B) 
Characteristics for the p-type FET with Pd metal gate and n-type FET 
with Al gate. (C) Inverter characteristics and its mirrored curve. (D) 
Voltage-dependent frequency spectra. From the left to the right, the 
respective supply voltages are as follows: V,, = 0.5 V and 0.56 V to 
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its robustness can be judged from the area of 
the “eye” (Fig. 1C, shaded area). 

The output signal of the ring oscillator was 
measured as a function of the supply voltage 
(Fig. 1D). A resonance occurs at 13 MHz for 
supply voltage V,, = 0.5 V. The frequency in- 
creases with the voltage and reaches 52 MHz at 
Vig = 9.92 V, with a corresponding stage-delay 
time of 1.9 ns. This behavior, which is a result 
of the increasing drain current J, in the indi- 
vidual FETs with increasing gate/drain voltage, 
agrees with the anticipated operation of the ring 
oscillator. The measured frequencies are limited 
by the parasitics rather than by the intrinsic 
nanotube properties (3). Compared with previ- 
ous ring oscillators fabricated on multiple 
nanotubes with external wiring (4, 5), our ring 
oscillator shows a five— to six—orders of magni- 
tude greater frequency response. Between V,, = 
0.5 V and V,, = 0.92 V, the signal height de- 
tected by the spectrum analyzer changed from 
—79 dB m to —-64 dB m, again as a consequence 
of the J,-V,, dependence. Because of the 
impedance mismatch between the output of the 
ring oscillator (~1 x 10° ohm) and the input of 
the spectrum analyzer (50 ohm), the circuit 
signal is attenuated by approximately four 
orders of magnitude, resulting in signal heights 
of 25 to 140 pV rather than the applied V,,,. 

The demonstrated intramolecular ring oscil- 
lator is a useful tool to characterize the suitability 
of SWCNTSs for ac applications. It enables the 
detailed study of the performance-limiting as- 
pects in SWCNTs and offers a way to evaluate 
their potential as a platform for future nano- 
electronics applications. The central goal is to 
ultimately benefit from the expected intrinsic 
switching speed in SWCNT FETs, which is 
predicted to allow for terahertz applications. 
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Niche Partitioning Among 
Prochlorococcus Ecotypes Along 
Ocean-Scale Environmental Gradients 


Zackary |. Johnson,”’2* Erik R. Zinser,”’>* Allison Coe,’ Nathan P. McNulty,? 


E. Malcolm S. Woodward,’ Sallie W. Chisholm?+ 


Prochlorococcus is the numerically dominant phytoplankter in the oligotrophic oceans, accounting 
for up to half of the photosynthetic biomass and production in some regions. Here, we describe 
how the abundance of six known ecotypes, which have small subunit ribosomal RNA sequences 
that differ by less than 3%, changed along local and basin-wide environmental gradients in the 
Atlantic Ocean. Temperature was significantly correlated with shifts in ecotype abundance, 

and laboratory experiments confirmed different temperature optima and tolerance ranges for 
cultured strains. Light, nutrients, and competitor abundances also appeared to play a role in 


shaping different distributions. 


he marine cyanobacterium genus Pro- 
chlorococcus (1) is the numerically dom- 
inant phytoplankter in tropical and 
subtropical oceans (2—5). It is distributed 
throughout the illuminated surface waters from 
about 40°N to 40°S, can be found as deep as 
200 m, and sometimes reaches abundances 
greater than 10° cells per ml (2). Prochloro- 
coccus can account for 21 to 43% of the 
photosynthetic biomass in oligotrophic oceans 
and 13 to 48% of the net primary production 
(4-6). As such, its abundance and dynamics 
have a substantial impact on open ocean eco- 
systems and global biochemical cycles. 

In the tropical and subtropical Atlantic 
Ocean, Prochlorococcus maintains its numeri- 
cal dominance throughout most of the year, 
despite 10-fold changes in depth-integrated 
abundance (3, 6). It reaches its maximum (6, 7) 
when surface waters are highly stratified and 
devoid of major nutrients (8) and its minimum 
during deep winter mixing when blooms of 
Synechococcus and larger eukaryotic phy- 
toplankton occur (3, 6, 7). Prochlorococcus 
abundance falls off sharply at higher latitudes, 
suggesting that temperature, or some related 
variable, is an important factor in shaping its 
global distributions (2). 

Phylogenetic trees constructed with several 
marker genes, including small subunit (SSU) ri- 
bosomal RNA (tRNA), the rRNA internal tran- 
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scribed spacer (ITS) regions, psbB, petB/D, and 
rpoC1, as well as whole-genome analyses, show 
that flow-cytometrically defined (9) Prochloro- 
coccus is a genetically diverse group with sev- 
eral distinct clades, which have SSU rRNA gene 
sequences that differ by less than 3% (10-4). 
Cultured strains belonging to different clades 
have different pigmentation, maximum growth 
rates, metal tolerances, nutrient utilization, and 
photophysiological characteristics, and thus 
these clades have been called ecotypes (/5—/7). 
The ecotypes have recently been named after 
type strains with the prefix “e” (/8, 19). Cells 
belonging to different ecotypes are distributed 
differently along environmental gradients. For 
example, high light-adapted ecotypes [sensu 
(12)] such as eMIT9312 and eMED4 are more 
abundant near the surface than low light— 
adapted ecotypes such as eSS120, eMIT9313, 
eNATL2A, and eMIT9211 (JS—20), which are 
typically most abundant in the deeper waters. 

To better understand the drivers of ecotypic 
differentiation between Prochlorococcus clades, 
we measured, by using quantitative polymerase 
chain reaction (qPCR), the abundance of cells 
belonging to the six known ecotypes (fig. S1) as 
a function of depth along a meridional transect 
in the Atlantic Ocean (AMT) (2/) (Fig. 1A). We 
then analyzed the distribution and abundance of 
ecotypes in the context of relevant environmen- 
tal variables and the physiological properties of 
type strains. 

The AMT transect covered a broad range 
of biogeochemical provinces (22), with surface 
temperatures ranging from 5°C to 29°C (Fig. 1A). 
The availability of major phytoplankton nu- 
trients, including nitrate, nitrite, ammonium, 
phosphate, and silicate, also varied, reaching 
maxima in the south, near the coastal Canary 
Current upwelling system, and around the equa- 
torial upwelling region (Fig. 1D and fig. S2). 


Foralbperprauaiy pratereeopphater aupsuieate 


D 
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concentrations were correlated (7? = 0.9), 
following near Redfield ratios (15 N/1 P/1 to 
10 Si), whereas nitrite and ammonium were 
localized to specific regions and depths and did 
not follow strict relationships with other 
nutrients (figs. S2 and $3). Consistent with these 
nutrient patterns, surface chlorophyll fluores- 
cence, an indicator of autotrophic biomass, was 
elevated at high latitudes and in the Canary 
Current upwelling system but remained low in 
the severely nutrient-limited subtropical gyres 
(Fig. 1A). 

Ecotype distributions. The depth distribu- 
tions of Prochlorococcus ecotypes at three 
stations representing different biogeochemical 
provinces revealed distinctly different patterns 
(Fig. 1B). Although total Prochlorococcus abun- 
dance (which was measured independently by 
using flow cytometry) was maximal at the sur- 
face and decreased with depth at each station, 
the ecotypes comprising this total had different 
distributions. In well-stratified waters (1°N and 
25°N in Fig. 1B), ecotype depth distributions 
had a stacked nature typical of these environ- 
mental conditions (/8, 19). The high light- 
adapted clades eMIT9312 or eMED4 dominated 
near the surface (~0 to 50 m), and low light- 
adapted eNATL2A increased in abundance at 
middepths (~75 m), followed by eMIT9313, 
another low-light clade. Closer examination of 
the patterns at these two stations, however, 
revealed subtle differences that suggest that light 
adaptation was not the only variable shaping 
distributions. At 1°N, for example, eNATL2A 
and eMED4, low and high light-adapted clades, 
respectively, were roughly equal in abundance at 
the surface, whereas at 25°N eNATL2A was 
orders of magnitude less abundant than eMED4 
near the surface. At high latitudes such as 48°N 
(Fig. 1B), one of the high light-adapted clades, 
eMED4, outnumbered the other, eMIT9312, by 
orders of magnitude in surface waters. Further- 
more, the low light-adapted clade eMIT9313, 
which displayed deep subsurface maxima 
(~100 m) at low and midlatitudes, was so 
reduced in numbers at high latitudes that it was 
near the limit of detection. As has been 
previously reported (/8, 19), two of the clades, 
eMIT9211 and eSS120, were present at low 
concentrations (<50 cells per ml) in all samples 
and thus were not included in this part of our 
analysis (fig. S4). 

Similar shifts in ecotype dominance were 
also revealed by ecotype depth-integrated abun- 
dances along the entire transect (Fig. 1C), 
despite relatively constant (~1 x 107 to 2 x 
10’ cells per mm?) total Prochlorococcus 
concentrations. Overall, high light—adapted 
eMIT9312 was the dominant ecotype, exceed- 
ing the abundance of other ecotypes by two 
orders of magnitude between 15°N and 15°S. 
Low light-adapted ecotypes eNATL2A and 
eMIT9313 had roughly equal abundance in this 
part of the transect, and high light-adapted 
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Fig. 1. (A) False-color image of sea surface temperature during the Atlantic 
Ocean meridional transect cruise (AMT13) from September to October 2003, 
overlaid with cruise track and sampled stations (boxes). Reds are warm 
temperatures; blues are cold temperatures. (Right) In situ measured surface 
red fluorescence (relative) (Rel. Fls), indicative of chlorophyll concentrations 
and temperature. The cruise track goes through the coastal Canary Current 
upwelling feature around 20°N. (B) Depth profiles of the abundance of four 
dominant Prochlorococcus ecotypes (red, eMIT9313; blue, eNATL2A; green, 
eMED4; and yellow, eMIT9312) and total Prochlorococcus cell concentrations 
(solid black) from three representative stations [stars in (A)]. The 1°N station 
is typical of equatorial region stations, 25°N is typical of stratified sub- 


eMED4 was the least abundant. By contrast, in 
cooler, well-mixed, nutrient-rich, high-latitude 
waters where eMED4 achieved numerical dom- 
inance, eMIT9313 disappeared, and eNATL2A 
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achieved the second highest abundance. eMIT93 12, 
the most abundant clade in the tropical and sub- 
tropical oceans, was below the detection limit 
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tropical stations, and 48°N is typical of high-latitude (not polar) stations. 
Note that the abundance scale is logarithmic. Error bars indicate one 
standard deviation of the mean. (C) (Top) Depth-integrated (0 to 200 m) 
ecotype abundance and total Prochlorococcus abundance over the transect. 
(Bottom) Meridional distribution of the ratio of the summed ecotype 
abundances measured by qPCR and total Prochlorococcus abundance 
determined by flow cytometry. (D) Cross sections along the transect 
(upper 200 m) of nitrate concentration (umol kg~*); total Prochloro- 
coccus (log cells per ml); dominant ecotype clade abundances (log cells 
per ml) for eMIT9312, eMED4, eNATL2A, and eMIT9313; and Synecho- 
coccus (log cells per ml). Temperature contour lines are shown in white. 


designed from sequences of cultured isolates, 
captured on average ~75% (range from 35 to 
118%) of the total Prochlorococcus population 
counted by using flow cytometry (Fig. 1C), 
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indicating that there are likely additional mem- 
bers not quantified in this study. However, 
there was no pattern to the residuals, suggest- 
ing that our observations were not greatly af- 
fected by culture bias (23). 

Environmental factors and ecotype abun- 
dance. By using nitrate concentration to rep- 
resent a suite of covarying nutrients (figs. S2 and 
S3), depth as related to light intensity, and 
plotting temperature contours on a slice through 
the upper 200 m along the transect, we visual- 
ized how ecotype abundances map on to envi- 
ronmental gradients (Fig. 1D). As expected, total 
Prochlorococcus cell concentrations were typi- 
cally highest at or near the surface and decreased 
with depth. They were also highest in warm 
waters, which here are defined as waters above 
the 17°C isotherm, except below 150 m, where 
populations were likely limited by light availa- 
bility. Lastly, total Prochlorococcus abundances 
were highest where nutrients were lowest, con- 
sistent with findings in other tropical and sub- 
tropical oligotrophic regions (4, 6, 7, 24). 

These patterns of total Prochlorococcus abun- 
dance emerge from the distributions of ecotypes, 
which display more complex behavior when 
viewed individually. For example, the relative 
abundances of the high light-adapted ecotypes 
(eMIT9312 and eMED4) depended on latitude 
and closely followed nutrient and temperature 
contours (Fig. 1D). eMIT9312 dominated at low 
and midlatitudes but was progressively replaced 
by eMED4 at latitudes above 30°. Thus, these 
two ecotypes, which differ in their SSU rRNA 
sequences by less than 1% (/2), had overlapping 
but distinct niches in the Atlantic Ocean and 
comprised the majority (93%) of the Prochloro- 
coccus cells over the transect. 

Ecotypes eMIT9313 and eNATL2A had 
more restricted distributions. eNATL2A was 
most prevalent along the trailing edge of the 
eMIT9312 abundance contour and was most 
abundant in waters between the 15°C and 23°C 
isotherms. This distribution started at the sur- 
face waters of 45°N, meandered in the water 
column in mid- and low latitudes, and reached 
higher abundances again at the surface waters 
near 30°S. eNATL2A only reached high con- 
centrations in deeper waters, where eMIT9312 
and eMED4 numbers were reduced. Similarly, 
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eMIT9313’s distribution was more patchy and 
localized to specific latitudes or depths, closely 
following the vertical gradients of eMIT9312 
and eMED4, and was maximal where total 
Prochlorococcus abundance decreased the most 
sharply with depth. Thus, although eNATL2A 
and eMIT9313 were minor contributors to 
overall Prochlorococcus numbers in the Atlan- 
tic Ocean, they dominated at certain depths and 
latitudes. 

Regression analysis. The geographic pat- 
terns of Prochlorococcus and its ecotypes 
suggest causal relationships with environmen- 
tal variables (Fig. 1D). We used stepwise regres- 
sion analyses to investigate relationships with 
temperature, light, nitrate, nitrite, ammonia, 
phosphate, and Synechococcus (a potential 
competitor) (table S1). As has been observed 
previously (25), a significant fraction (26%, P < 
0.01) of the variability in the total Prochloro- 
coccus population could be explained by 
temperature, which was largely driven by sig- 
nificant correlations between the numerically 
dominant ecotype, eMIT9312, and temperature 
(56%, P < 0.01). By using laboratory isolates 
belonging to the two dominant (and high light— 
adapted) ecotypes, we found that, although both 
had similar temperature optima for growth, 
members of eMIT9312 grew faster at this 
temperature (25°C) and could tolerate warmer 
temperatures than eMED4. The latter could grow 
at temperatures below 15°C, however, whereas 
eMIT9312 could not (Fig. 2 and fig. S5), thus 
confirming the importance of temperature in 
defining ecotype niche space. 

Prochlorococcus ecotype abundances are 
related to other variables as well. For example, 
eMED4 was correlated (9%, P < 0.01) with 
light, which is consistent with its adaptations to 
high light (J6). Nutrient relationships were 
complex (often being anticorrelated with eco- 
types) (table S1) and were generally not con- 
sistent with the ability of strains to use nutrient 
sources (17, 26), suggesting that colinear vari- 
ables not measured here were responsible for 
these relationships. Integrated abundances of 
Synechococcus (Fig. 1D), which unlike Pro- 
chlorococcus can use nitrate (17), were also 
inversely related to Prochlorococcus (fig. S6). 
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sonal cycles in the Atlantic Ocean (3, 6) and im- 
plies that at high nutrient levels Synechococcus 
and larger phytoplankton may exclude Prochloro- 
coccus. But this relationship with Synechococcus 
was complex: eMIT9313 was anticorrelated (22% 
of the variability), eMED4 (18%) and eMIT9312 
(10%) were correlated, and the abundance of 
eNATL2A was uncorrelated. 

The stepwise regressions, which had vary- 
ing degrees of success in explaining the overall 
abundance patterns, also demonstrated that 
there were additional factors that were impor- 
tant in determining Prochlorococcus ecotype 
abundance. This complexity is likely governed 
by differential susceptibility to viruses (27) and 
protozoan grazers (28) as well as other factors, 
such as metal tolerances (/5). 

The relationships we have established here 
represent only a broad-brush assessment, to be 
refined as we learn more about Prochlorococcus 
microdiversity. By design, multiple ribotypes 
(based on ITS sequences) are represented in the 
ecotype populations that are enumerated by our 
qPCR primers (/8), and it is likely that each of 
these is a physiological and genomic variant. 
This prompts the question: If one designed 
primers to enumerate ribotypes within the 
ecotype clusters, what would their distributions 
look like along these gradients? Would they be 
more similar to each other than to those 
belonging to other clades? Furthermore, al- 
though the four dominant ecotypes account for 
the majority of the total Prochlorococcus 
population, our analyses (Fig. 1), as well as 
evidence from clone libraries (78) and Sargasso 
Sea shotgun sequencing (29), reveal the exis- 
tence of additional genotypes that do not group 
with any of the six defined genetic clades and 
thus would not be captured by our approach. 
These additional clades likely account for the 
difference between the total Prochlorococcus 
population measured by flow cytometry and the 
summed clades measured by qPCR (Fig. 1C), 
particularly in the deeper waters (Fig. 1B). 
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General Strategies for 
Nanoparticle Dispersion 


Michael E. Mackay,”2* Anish Tuteja,? Phillip M. Duxbury,” Craig J. Hawker,>* 
Brooke Van Horn,’ Zhibin Guan,> Guanghui Chen,° R. S. Krishnan? 


Traditionally the dispersion of particles in polymeric materials has proven difficult and 

frequently results in phase separation and agglomeration. We show that thermodynamically stable 
dispersion of nanoparticles into a polymeric liquid is enhanced for systems where the radius of 
gyration of the linear polymer is greater than the radius of the nanoparticle. Dispersed 
nanoparticles swell the linear polymer chains, resulting in a polymer radius of gyration that grows 
with the nanoparticle volume fraction. It is proposed that this entropically unfavorable process is 
offset by an enthalpy gain due to an increase in molecular contacts at dispersed nanoparticle 
surfaces as compared with the surfaces of phase-separated nanoparticles. Even when the dispersed 
state is thermodynamically stable, it may be inaccessible unless the correct processing strategy is 
adopted, which is particularly important for the case of fullerene dispersion into linear polymers. 


with another polymer (2) has been studied 

for over 50 years and found to be a del- 
icate balance of entropic and enthalpic contribu- 
tions to the total free energy. For example, it is 
possible to fractionate a polymer by size with a 
small change in solvent quality (3) and to con- 
trol miscibility of chemically identical polymers 
whose only difference is architecture (branch- 
ing) (4). More recently, the phase stability of 
nanoparticle-polymer blends has attracted in- 
tense scrutiny (5) and is challenging to predict 
because of computational difficulty in accessing 
the relevant length and time scales. Flory the- 
ories, density functional theories, and molecular 
dynamics methods provide essential guidance, 
although accurate calculations are restricted to 
two or at most a few nanoparticles in the relevant 
size regime (6, 7). Despite these difficulties, a 
vast array of applications are emerging that re- 
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quire nanoparticle dispersion, such as in the 
use of fullerenes to enhance the efficiency of 
polymer-based photovoltaic devices (8, 9) and in 
the control of polymer viscosity using nano- 
particles (/0). 

We demonstrate strategies for control of 
nanoparticle dispersion in linear polymer melts. 
We start with discussion of processing proce- 
dures that enable stable dispersion of fullerenes 
and then present an experimental character- 
ization of the parameters that control the 
phase boundary between the dispersed and 
phase-segregated states of carefully considered 
nanoparticle-polymer mixtures. Moreover, it has 
been proven possible to disperse polyethylene 
nanoparticles in polystyrene despite the fact that 
linear polyethylene—linear polystyrene is a clas- 
sic phase-separating blend, which implies that 
nanoparticle morphology may actually enhance 
dispersion. This hypothesis is tested by using a 
system composed of polystyrene nanoparticles 
dispersed in linear polystyrene, because the 
monomer-monomer contacts in this system are 
the same for all of its constituents. An enthalpic 
mechanism that arises from nanoparticle packing 
effects operates at the nanoscale and is necessary 
in order to understand dispersion in this size re- 
gime. A Flory theory, which includes this en- 
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caused by nanoparticle dispersion and the stan- 
dard mixing entropy, is used to reconcile the 
experimental observations and emphasize the 
importance of the nanoparticle-to-polymer size 
ratio in controlling nanoparticle dispersion. 
First we discuss the dispersion of fullerenes 
into polystyrene, motivated by earlier work that 
suggested that fullerene dispersion in polymers 
(/J) is poor, limiting their utility, for example, 
in solar cells (8, 9). For a polymer blend, the 
insertion energy of a linear polymer chain with 
another controls dispersion and grows with the 
number of monomers in the chain. So, the in- 
sertion enthalpy of a chain of N monomers is 
proportional to Ny, where x is the Flory mixing 
parameter and is the primary cause of phase 
separation in incompatible blends. Nanoparti- 
cles have an insertion enthalpy that grows in 
proportion to the surface area of the nano- 
particle, yielding an insertion enthalpy of s ~ 
Ay, where A = 4na? for a nanoparticle of radius 
a. Although this enhancement is not as strong 
as for polymer blends, dispersion of nanopar- 
ticles still depends critically on y. We observed 
experimentally that it is possible to disperse 
up to a concentration of 2 volume % of C,, 
in linear, monodisperse polystyrene. At small 
nanoparticle concentration, Flory theory (/) 
gives a binodal or phase stability volume frac- 


Fig. 1. (A) Rapid precipitation of fullerene- 
polystyrene blends, followed by drying and melt 
processing, allows manufacture of fibers. The 
fibers contains 1 wt % C,, fullerenes that were 
melt spun into long fibers with a diameter of 
circa 1 mm. (B) Fullerene (1 wt %)-polystyrene 
blends developed through regular solvent evap- 
oration produce large, phase-separated domains, 
which are not apparent in the fiber. 
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tion (0,) of @, ~ exp[—(1 + s)], assuming the 
phase-separated fullerenes form a pure nano- 
particle phase. The use of the experimental 
value of ,, = 0.02 yields an insertion enthalpy 
per fullerene on the order of s ~ 3. The molecular 
insertion energy per monomer (€) is given by s = 
ze/k,T, where z is the coordination number; &,, 
the Boltzmann constant; and T, the temperature; 
yielding an insertion energy of € ~ 0.02 eV for 
fullerenes in polystyrene. This relatively small 
energy may be rationalized by the fact that 
favorable molecular contacts between the aro- 
matic rings on polystyrene and the hexagons on 
the surface of C,, may occur. 

Fullerene dispersion is enabled by using our 
technique of rapidly precipitating the compo- 
nents in a mutual nonsolvent (/0, /2) to arrive 
at a dried powder that is then thermally aged, 
allowing melt processing and fiber spinning 
(Fig. 1A). It is known that fullerenes have lim- 
ited solubility in organic solvents (/3) on the 
order of 5 to 10 mg/ml. Solvent evaporation 
from a fullerene-polymer solution will lead to a 
fullerene supersaturated state at low overall 
concentration and likely phase separation 
(Fig. 1B). Thus, to reach the thermodynami- 
cally favored state, we had to carefully control 
the processing procedure for nanoparticle dis- 
persion to avoid a kinetically trapped condition. 

A more surprising result is that we observed 
dispersion of large branched polyethylene 
nanoparticles (/4, /5) in polystyrene (Fig. 2 
and SOM). This is surprising because linear 
polystyrene—linear polyethylene blends (2) 
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Fig. 2. (A) Cartoon showing branched, dendritic 
polyethylene. (B) TEM of a 4 wt % blend of 
dendritic polyethylene with 393-kD linear poly- 
styrene shows the individual polyethylene macro- 
molecules with a size on the order of 20 to 30 nm. 
The R. for the linear polystyrene is 17.4 nm and 
so is larger than the dendritic polyethylene. 
(Inset) A higher magnification. (C) Mixing with a 
smaller molecular mass polystyrene (75 kD, R, = 
7.5 nm) produces phase separation. Power law 
scattering of intensity (/) versus wave vector (q) is 
present at small wave vector for the lower mass 
polystyrene, whereas the higher mass system 
demonstrates miscibility without a power law 
region. The intensity profile can be fitted with a 


have an unfavorable mixing enthalpy and are 
a classic phase-separating system, with com- 
plete phase separation occurring at molecular 
weights typical of those used here. We have 
taken transmission electron microscope (TEM) 
images and collected small angle neutron 
scattering (SANS) data for a wide variety of 
mixtures. The TEM image (Fig. 2B) illustrates 
the dispersion of dendritic polyethylene nano- 
particles in 393-kD linear polystyrene, from 
which a nanoparticle radius of 10 to 15 nm can 
be extracted. Moreover, a Guinier analysis of 
SANS data (/6, 17) from polyethylene nano- 
particles in dilute solution yields a polyethylene- 
nanoparticle radius of 12.8 + 0.1 nm, which is 
consistent with the TEM measurement. Neutron- 
scattering data for the same nanoparticles 
blended with linear polystyrene melts with 
different molecular weights are also presented 
(Fig. 2C). Architecture and size both make a 
clear difference in the miscibility of this system, 
because the dendritic polyethylene nanoparticles 
are miscible with 393-kD linear polystyrene 
[radius of gyration (R 2) = 17.3 nm], as evidenced 
by the nonfractal SANS results at small wave 
vector (16, 17). However, miscibility does not 
occur when the same polyethylene nanoparticles 
are blended with either 155-kD (deuterated) lin- 
ear polystyrene (R, = 10.5 nm) or a smaller 
protonated 75-kD polystyrene (R, = 7.5 nm), as 
shown (Fig. 2C). The latter experiment demon- 
strates that the isotope effect (/8) is not causing 
phase separation; rather, the relative size of the 
nanoparticle and polymer is key (19-21). 
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polydisperse sphere model, yielding a mean radius (11.0 nm) for the dendritic polyethylene that 


agrees well with the TEM images. 
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A particularly clear illustration of the impor- 
tance of the ratio a/R, on nanoparticle dispersion 
is provided by a mixture consisting of cross-linked 
polystyrene nanoparticles (22) blended with linear 
polystyrene. We observed phase separation when 
the nanoparticle size was greater than the poly- 
mer radius of gyration in a manner similar to that 
observed in the case of polyethylene nanoparticle 
mixtures discussed above. 

Tightly cross-linked polystyrene nanoparti- 
cles, where every fifth monomer unit is poten- 
tially cross-linked (22), were blended with linear 
polystyrene (/0). This system produces a stable 
blend even when the interparticle gap reaches 
surprisingly small distances, suggesting the lin- 
ear polystyrene molecule is highly distorted (/0). 
The distortion was directly measured through a 
SANS Guinier analysis from a sample in which 
2 weight (wt) % deuterated linear polystyrene 
was blended with protonated linear polystyrene 
of similar molecular weight and various concen- 
trations of protonated polystyrene nanoparticles 
(Fig. 3A). The radius of gyration for the linear 
polystyrene increases with nanoparticle concen- 
tration, and the linear chains remain globular in 
nature, as determined through careful analysis 
using models that distinguish between sphere- 
like, rod-like, and disk-like shapes (23). 

Chain stretching has been observed in some 
Monte Carlo simulations (24), although in many 
others chain contraction has been noted (25). 
Both chain expansion and chain contraction have 
been observed in neutron scattering from iso- 
topically labeled polydimethylsiloxane (PDMS) 
blends containing silica particles (26). In this sys- 
tem, nanoparticles of radius ~ 1 nm were blended 
with linear polymers with a similar R, value of 
~3 to 10 nm. The polymer mixtures with small- 
er R, values experienced chain contraction upon 
nanoparticle addition, whereas the polymer mix- 
tures with larger R, values experienced chain 
expansion with nanoparticle addition. In our sys- 
tem, the linear polymer R, value was varied 
between 4 and 11 nm, the nanoparticle radius 
was about 3 nm, and we observed chain expan- 
sion in all cases (Fig. 3A). Moreover, excluded 
volume does not fully account for the radius in- 
crease, because, if it is assumed that the indi- 
vidual polymer and nanoparticle densities do not 
change on mixing, then the radius of gyration 
relative to that without nanoparticle incorpo- 
ration (R,/R,o) is expected to vary as (1 + $)%. 
The chain stretching is larger than the amount 
suggested by this relationship and is empirically 
close to 1 + co, with c about 1. 

Despite the linear polymer distortion, we 
found that a large miscible region exists for 
cross-linked polystyrene nanoparticles blended 
with linear polystyrene (Fig. 3B). The data were 
determined from SANS through presence or ab- 
sence of fractal-like scattering at small wave vec- 
tor and at nanoparticle concentrations of 2 wt %. 
Fractal-like behavior is indicative of a non- 
equilibrium state consisting of irregular phase- 
separated aggregates, which exist on many length 


24 MARCH 2006 


REPORTS 


1742 


scales, despite the fact that the phase separation 
is driven by a gain in equilibrium free energy. 
Data from the fullerene—linear polystyrene and 
polyethylene nanoparticle—linear polystyrene 
systems are also included in this phase diagram, 
indicating that this graph provides a useful guide 
for a range of nanocomposite systems. The ex- 
perimental data demonstrate that if the linear 
polymer RX, is larger than the nanoparticle radius 
then miscibility is promoted. Note that both the 
polymer R, and nanoparticle radius were exper- 
imentally determined via SANS. 

To experimentally determine the Flory x 
parameter, we found the second virial coefficient 
for 211-kD tightly cross-linked polystyrene 
nanoparticles dissolved in 473-kD deuterated 
linear polystyrene to be 5.3 x 1075 +3.4 x 1075 
cc-mol/g? at 127°C and 2.4 x 107° + 0.6 x 1075 
cc-mol/g? at 170°C by using SANS data and a 
Zimm analysis (16, 17). A standard analysis, 
strictly valid for linear-linear architecture blends 
(27, 28), yields Flory parameters of x equal to 
2.7 x 1073 (at 127°C) and -1.2 x 1073 (at 
170°C), demonstrating that mixing is favored 
at both temperatures. Bates and Wignall (/8) 
found x to be ~10~* for deuterated poly- 
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Fig. 3. (A) The polymer radius of gyration (R,) 
relative to that without nanoparticles (R,,,) for three 
different molecular mass linear polystyrenes: 21, 
63, and 155 kD, as a function of volume fraction 
(o) of 52.0-kD tightly cross-linked polystyrene 
nanoparticles. The nanoparticles stretch the poly- 
mer chains. The solid line represents the radius of 
gyration variation if the polymer density does not 
change upon mixing, and the behavior (1 + )*” 
is expected. Instead, the data obeyed 1 + co, with 
c about 1. The error bars represent the error from a 
Guinier fit to the data at small wave vector. (B) A 
polymer radius of gyration—nanoparticle radius 
phase diagram, with the solid circles representing 
data where phase separation was detected and the 
open circles where miscibility occurs. Open circles 


styrene blends, indicating that the negative mixing 
enthalpy is not due to isotopic substitution. 
Furthermore, the x parameter is found to follow 
~+0.01 — 6/T (in K), confirming that favorable 
enthalpic interactions, which are geometric in 
origin, are responsible for the phase stability. 
This unusual behavior is explained by con- 
sidering the number of molecular contacts be- 
tween monomers in the isolated nanoparticle 
state compared to that of a nanoparticle in 
the dispersed state, as illustrated in the ide- 
alized model (Fig. 3C). The energy gain of a 
monomer-monomer contact is taken to be Expt 
However, the van der Waals force operates over 
an effective distance (5) so that only a fraction 
of the nanoparticle area (A..) = (25/4a) x A has 
this favorable molecular contact. Here, z is the 
average coordination number of the nanoparti- 
cle aggregate. The remaining uncovered surface 
area of the nanoparticle (4,, = A — A.) does not 
profit from favorable contacts with other nano- 
particles. Nanoparticles may thus gain enthal- 
pically favorable monomer-monomer contacts 
by dispersion in the polymer melt, as has been 
noted in recent polymer reference interaction 
site model (PRISM) calculations (7). Smaller 
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with an x represent conditions where some agglomeration was detected by SANS yet large-scale phase 
separation was not observed. Squares are the C,,-polystyrene system; circles, the polystyrene nanoparticle— 
polystyrene system; and triangles, the dendritic polyethylene—polystyrene system. The dashed line 
represents the reptation tube radius, suggesting phase stability does not depend on the entanglement 
structure. The nanoparticle fraction used to generate each data point was 2 wt %. (C) Cartoon 
illustrating that the attraction between pure nanoparticles is effective only over a fraction (A,) of the 
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nanoparticles do not experience this enthalpic 
driving force because A, tends toward A in this 
limit, confirming that C,, fullerenes are misci- 
ble solely through a favorable mixing entropy. 

The mixing enthalpy of a nanoparticle, s, 
can be related to the Flory parameter via s = 
Acx, + Ay (X — Eqp/kgl) = Sq — 5). Here sy = 
Ay is the insertion enthalpy in the absence of 
geometric effects due to uncovered area, and s, 
= Ay X €,,/kgT is the reduction in enthalpy 
within the pure nanoparticle phase due to 
uncovered area. The areas are expressed in lat- 
tice site dimensions and so are dimensionless, 
with s, representing the insertion energy per 
nanoparticle and x that of a monomer unit. Al- 
though the uncovered area can be quite small on 
a given nanoparticle, the enthalpy gain via dis- 
persion can be substantial because of their large 
numbers, given by Ve, with Vap being the nano- 
particle volume (4/32a3). So, the expected en- 
thalpic stabilization is given by o/v., xX Sy, 
which exhibits a maximum at a nanoparticle 
radius of z6/2. This is truly a nanoscopic effect 
because 6 is on the order of 1 nm and z is on the 
order of 6 for random packing (29), making the 
optimum radius for dispersion on the order of 
3 nm, the size scale we have used in the present 
study. If the nanoparticles are too small, then 
solubility suffers from too little or no uncovered 
area to achieve sufficient enthalpic gain, similar 
to that experienced by the fullerenes, whereas a 
system containing larger particles has a reduced 
mixing enthalpy by a reduction in nanoparticle 
number for a given volume fraction. 

The above argument hinges on uncovered 
area developed by rigid particles (Fig. 3C) and is 
related to an increase in the cohesive energy of a 
material from its pure state. The dendritic poly- 
ethylene nanoparticle system is a liquid at room 
temperature, and so application of the cartoon to 
this system is suspect. However, by using SANS 
of thermally annealed samples we measured the 
virial coefficient for this molecule dissolved in 
393-kD linear polystyrene to be 2.1 x 107> + 
1.7 x 107° cm? mol/g? at room temperature, 
yielding y =—1.7 x 1073 + 1.3 x 1073. Again a 
negative mixing enthalpy is found. This result is 
rationalized first by noting the density of this 
material was determined to be quite small, 0.81 + 
0.02 g/cm, compared with the linear polyethyl- 
ene amorphous density extrapolated to room tem- 
perature (30), 0.86 to 0.89 g/cm}. Secondly, the 
melt surface tension (3/, 32) at 160°C was mea- 
sured and found to be ~30% lower than that for 
polyethylene of similar molecular weight (mass 
of 236 kD). Both these results point to a reduced 
internal energy in the isolated nanoparticle melt 
by using the semi-empirical relation between the 
surface tension (ST) and the cohesive energy 
density (CED, internal energy per unit volume); 
ST is about CED” (33) and is consistent with 
the enthalpy gain on mixing discussed above 
(1.e., negative ¥). 

We generalized our observations by using a 
Flory lattice theory that has proven useful in 
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interpreting the phase morphology of complex 
systems such as nanoparticle dispersion in poly- 
mer blends, where reasonable agreement with 
lattice density functional theory has been dem- 
onstrated (19). The first free energy term con- 
sidered is the mixing entropy described by 
F.,/Vk,T = [6log(o)|/v,,, + [C1 — 6)log(1 — 6)]/N, 
where F,, is the entropic gain due to mixing; N, 
the number of monomers in the linear poly- 
mer; and V, the sample volume. Polymer chain 
expansion (Fig. 3A) yields a loss of entropy, 
and so a “stretching” free energy cost (F’,) for 
each molecule (34, 35) is included and approx- 
imated by F./Vk,T = 3/,(1 — OR AIR —1)/N. 
Previous work (2/, 36) has used a chain stretch- 
ing term that has its basis in the analysis of 
polymer brushes, which does not show as large 
an R, variation with $ as we see experimentally. 
Combining the above terms, including the en- 
thalpy of mixing discussed above, we find that 


Vnpf" /VkgT = so(1 = 6) + olog() ae 
t(1 — o)log(1 — 6) 4 
Pat(L — 6)(Ry’/Reo” — 1) (1) 


where t = v,,/N, which in terms of experimen- 
tally accessible parameters is t = (AR o)’P/P os 
where p is the bulk density of the linear poly- 
styrene melt, and p, is the density associated 
with one chain in the bulk polystyrene melt (i.e., 
the density of a single chain based on its R, and 
molecular weight). The fact that ¢ increases as 
the cube of the size ratio a/R,, implies that the 
stretching term is very unfavorable for a > R,o, 
which is the basic reason why large nanopar- 
ticles do not disperse, although this may not 
be generalized to colloidal systems where other 
physics comes into play (37). 

For the case of polystyrene nanoparticles in 
a linear polystyrene melt, we estimate the ef- 
fect of the linear polymer stretch, the third term 
in Eq. 1, by using the data of Fig. 3A approx- 
imated by R,/R,. ~ 1 + cd. By setting the first 
and second derivatives of Eq. 1 with respect 
to @ to zero, one finds the binodal at 0, = 
exp{-[l + s + Gc — Ift}} = exp{fl +54 
(3c — 1)(p/p,)(@/R,o)*]} and the spinodal at 
o, = 1/[2s + (6c — 3c? — 1)f] for small . In 
Ginzburg’s work (2/), an addition nonideal 
term, the Carnahan-Starling term, is used to 
assess interaction effects between nanoparticles 
that do not alter the binodal at small concentra- 
tion. Validity of the model is confirmed by 
calculating s from the predicted binodal concen- 
tration, assuming c is | (Fig. 3A). Further, letting 
a/R, be 1 to delineate the phase boundary 
(Fig. 3B) and calculating p/py(= 1.7 x VM) 
for polystyrene (/ is molecular mass in kD), then 
s values of —15 and —64 for molecular masses of 
30 kD (R,, = 5 nm) and 320 kD (R,, = 15 nm), 
respectively, are determined. Dividing these val- 
ues by the nanoparticle area results in x on the 
order of -3 x 1073, in good agreement with the 
values determined above via neutron scattering. 
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Microheterogeneity of Singlet 
Oxygen Distributions in Irradiated 
Humic Acid Solutions 


Douglas E. Latch and Kristopher McNeill* 


Singlet oxygen (10,) is a highly reactive species formed through solar irradiation of organic 
matter in environmental waters. Implicated in a range of reactions, it has proven difficult 

to quantify its spatial distribution in natural waters. We assessed the microheterogeneous 
distribution of 70, in irradiated solutions containing chromophoric dissolved organic matter 
(CDOM) by using molecular probes of varying hydrophobicity. The apparent 10, concentrations 
([0,].,)) measured by recently developed hydrophobic trap-and-trigger chemiluminescent probe 
molecules, were orders of magnitude higher than those measured by the conventional hydrophilic 


probe molecule furfuryl alcohol. The differential [+0,], 


values measured by these probes reflect 


a steep concentration gradient between the CDOM macromolecules and the aqueous phase. 
A detailed kinetic model based on the data predicts probabilistic 10, distributions under different 


solvent conditions. 


cally produced in natural waters since the work 
of Zepp et al. in 1977 (J). It is formed through 
interaction of dissolved oxygen with excited 


inglet oxygen ('O, ), or molecular oxygen 
that is in its first electronic excited state 
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triplet states of chromophoric dissolved organic 
matter CDOM) (2, 3). In the environment, 'O, 
is responsible for oxidative transformations of 
certain classes of organic contaminants, par- 
ticularly those containing phenolic, heterocy- 
clic, olefinic, and sulfidic moieties (4), and 
may be involved in the weathering of dissolved 
organic matter itself. In addition, 'O, reacts 
with proteins, DNA, and other biomolecules 
and thus is capable of damaging cells, causing 
mutations, inducing cell death, and inactivating 
viruses (5). 

Dissolved organic matter (DOM) in natural 
waters is a polydisperse mixture of macromol- 
ecules derived from biological sources. With 
the notable exception of the open ocean (6), the 
chromophoric subset of DOM, CDOM, is well 
integrated into the total DOM pool. Indeed, the 
ultraviolet absorbance of natural waters can be 
used as a proxy for DOM content in a given 
system (7). Although the structure of CDOM is 
not known, it is believed to be composed of 
amphiphilic macromolecular species that have 
micelle-like properties (8). These properties al- 
low CDOM to enhance the solubility of hy- 
drophobic molecules (9—//). In this way, CDOM 
solutions resemble systems in which a !O, sen- 
sitizer is localized within a hydrophobic micro- 
region of an aqueous solution or suspension, 
where it has been demonstrated that dramatic 
differences in the 'O, concentration exist be- 
tween the microphase and the bulk aqueous 
phase (12-14). Some authors have discussed the 
implications of microheterogeneous !O, distri- 
butions in biological membrane—containing 
systems (/2), and others have demonstrated that 
this effect can be used to enhance singlet oxy- 
genation in synthetic systems (/3, 14). Previous 
work with CDOM has provided evidence for 
localization of other excited states and radicals 
(17, 

In aquatic systems, such elevated 'O, con- 
centrations within CDOM could have important 
implications. For example, the contribution of 
10, to the photoweathering and photobleaching 
of CDOM will be higher than expected based 
on the average 'O, concentration in the bulk 
aqueous phase. Moreover, the fact that CDOM 
provides a hydrophobic microenvironment in nat- 
ural waters suggests that hydrophobic pollutants 
that partition into CDOM may be particularly 
susceptible to 'O,-mediated photodegradation. In 
this case, the hydrophobic pollutants are exposed 
to the relatively high 'O, concentration associ- 
ated with the CDOM microregion, rather than 
the low concentration in the bulk aqueous phase. 
For these reasons, we are interested in assessing 
the spatial distribution of 'O, in natural waters 
and in testing whether CDOM macromolecules 
may provide regions of enhanced photoreac- 


Department of Chemistry, 76 Kolthoff Hall, University of 
Minnesota, Minneapolis, MN, 55455, USA. 


*To whom correspondence should be addressed. E-mail: 


mcneill@chem.umn.edu 


24 MARCH 2006 VOL 311 


tivity. We present here evidence for the micro- 
heterogeneous distribution of 'O, in irradiated 
CDOM solutions. 

In this study, we used stable dioxetane pre- 
cursors as probe molecules to measure intra- 
CDOM '!O, concentrations. We chose to use 
these alkene probe molecules (1) because of 
their proven sensitivity and selectivity to reac- 
tion with 'O, over other reactive oxygen spe- 
cies and because the hydrophobicity of the 
probes can be tuned by altering the alkoxy sub- 
stituent (18, 19). The probe molecules work by 
a trap-and-trigger detection method, which 
leads to an additional experimental advantage; 
elicitation of the chemiluminescent signal can 
be temporally delayed from the 'O, photo- 
generation. We thus quantify photochemically 
produced steady-state 'O, concentrations in the 
absence of the irradiation source, leading to a 
sensitive detection method with minimal inter- 
ferences. The two probes used in this study were 
the methoxy (1a, R = Me) and tetraglycol [1b, 
R = (CH,CH,0),H] analogs (Fig. 1), which have 
log octanol-water partition coefficients (log K,y,) 
of 8.1 and 6.5, respectively, estimated using the 
reverse-phase high-performance liquid chroma- 
tography retention time method (20). 

Aldrich humic acid (AHA), a natural or- 
ganic matter sample isolated from coal, was 
employed as the source of CDOM in our ex- 
periments. Although AHA’s shortcomings as a 
model for CDOM present in natural waters 
has been well documented (2/, 22), we chose this 
material because of its relatively high molec- 
ular weight; its close correspondence to soil or- 
ganic matter, for which good correlations 
between Ky, and organic matter—water partition 
coefficients (K,,,) exist (23, 24); its use in flu- 
orescence quenching studies, which have dem- 
onstrated associations between hydrophobic 
compounds and macromolecular organic mat- 
ter (25, 26); and for comparison to the work 
of Burns et al., who used AHA in their study 


of the intra-CDOM photodegradation of mirex 
(16, 17). 

Irradiation of AHA solutions with four 175-W 
borosilicate-filtered Hg vapor lamps led to 
the production of 'O,. The apparent singlet ox- 
ygen concentration (['O5 Japp) was determined 
by using the rate of dioxetane formation with 
probes 1a and 1b as well as the photodegra- 
dation rate of furfuryl alcohol (FFA), a com- 
monly used hydrophilic 10, probe molecule. 
Dramatic differences in ['05 Japp were observed 
between the three probe systems (Fig. 2, left). 
Consistent with previous studies, FFA reported 
low ['O5 Japp values (107! to 107!3 M) that 
varied directly with the concentration of AHA 
([AHA], quantified as the amount of dissolved 
organic carbon per liter, i.e., mass C/liter) (27). 
Slight deviations from linearity were seen at 
high [AHA], likely due to light screening by 
the CDOM. By contrast, probe 1a reported high 
[Os a3 values of about 3 x 10~!? M that varied 
little with [AHA]. Probe 1b displayed interme- 
diate behavior, reporting [105 Japp values ranging 
from 107!3 to 1071? M with a distinct depen- 
dence on [AHA]. 

These measurements are consistent with a 
hydrophobic binding model (Fig. 1). From this 
model and the kinetic scheme that accompanies 
it (Fig. 3), we predict sigmoidal dependencies 
of POs es versus log [CDOM], with the mid- 
point at the K,,, value and the magnitude re- 
lated to the ratio of the intra-CDOM and bulk 
aqueous phase 'O, concentrations (Eq. 1) [see 
(28) for derivation]: 


[Oo ]app = Scpoml!O]cpom + Saal! Or Jaq 
(1) 


where [!0,]opom is the average 'O, concen- 
tration in the CDOM microregion, ['O,],, is 
the average aqueous phase [!0,], fapoy is the 
fraction of probe molecules in the CDOM 


y 


OTBS 
1aR= CH; 
4b R = (CH>CH,0),H 


reaction in aq, phase 


reaction in CDOM 


Fig. 1. Measurement of 
10, concentration using 
dioxetane precursors la 
and 1b. The probe mole- 
cules partition between 
CDOM and the aqueous 
phase, and they trap 10, 
in both regions. Subse- 
quent quantitation of the 
trapped 70, is achieved by 
triggering chemilumines- 
cent decomposition of the 
dioxetane through fluoride- 
induced removal of the tert- 
butyldimethylsilyl (TBS) 
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microregion, and f,, is the fraction in the aque- 
ous phase. The calculated log K,,, values were 
6.5 for 1a and 5.1 for 1b, based on the em- 
pirical relations between K,,, and K,,, devel- 
oped by Chiou et al. (23), and the measured 
values using the POs Iss data from the AHA 
photolysis experiments were log K,,, = 7.1 for 
1a and 5.6 for 1b. These results provide evidence 
for enhanced intra-CDOM ['0,], such that at 
1 mg Ci/liter AHA, the ratio ['O,]opom/l'02 Jag 
was 130. 

Singlet oxygen has a short lifetime, 4 us in 
water (29), and thus has a limited average dif- 
fusion length; estimating the diffusion length by 
[= (Dt)°°, half of the '0, produced will diffuse 
~80 nm before being quenched, and <0.1% 
will diffuse 250 nm. Treating the humic acid 
molecules as spherical microregions leads to 
three regions of differential 10, abundance: the 
interior of the sphere with the highest [10,], the 
aqueous corona surrounding the sphere that re- 
ceives diffusive flux of !0,, and the bulk aque- 
ous phase that lies outside the diffusion length, 
where the ['0,] is negligible. To calculate the 
concentrations of 'O, in the CDOM and aque- 
ous corona regions (i.e., those regions that con- 
tain substantial amounts of 'O,), we employed 
the three-zone kinetic model presented in Fig. 
3. Analytical solutions can be derived by ap- 
plying a steady-state approximation for both 
[Os lepom 29d [105 ]ecrona 2nd two boundary 
conditions for the interfaces between zones, 
where ['0,],,,ona iS the average ['O,] in the 
aqueous corona. In this model, the [10,] at the 
corona/bulk aqueous phase interface is set to 
zero ([10, Iau = 9), and ['O,] on each side of 
the CDOM/corona interface is determined by 
its partition coefficient Km. 

For the calculations performed in this study, 
a lower-limit Kae value of | and an upper-limit 


log AHA (kg C/L) 


Fig. 2. (Left) Apparent singlet oxygen concentrations ([*0,], 


value of 5.6 were used. The upper-limit value 
comes from the K,,, of ground-state O, (30), 
and K,,, is expected to be lower. We chose to 
use upper and lower limits instead of an in- 
termediate estimate derived from known corre- 
lations between K,,, and Ky, because these 
relationships are not robust for molecules with 
relatively low Koy, values. 

Expressions for the steady-state ['O,].no,p 
[105 ]ooronar and [1O,], q can be derived (28). For 
['O,]epom the steady-state concentration is a 
balance between sources and sinks. The sources 
we considered were photochemical formation of 
'O, (k,) and back-diffusion of 'O, from the 
corona (Kc _,)- For CDOM microspheres with 
radii (tEyoy,) <10 nm, back-diffusion of '0, 
from the aqueous phase is negligible because of 
the steep concentration gradient at the CDOM/ 
corona interface, and k, is the main source term. 
The sinks considered were first-order quenching 
by the CDOM medium (k.y6,,), diffusion into 
the corona (Kqi¢-,), and quenching by quenchers 
associated with the CDOM phase (K,[Q]-pom) 
Deactivation of !0, by the CDOM material is a 
kinetically insignificant loss process compared 
with the diffusive loss of '0, from the micro- 
region, despite the high 10, quenching rate 
constant associated with CDOM (3/). Thus, 
['0, ]epom an be approximated by 


ke 


_ 
Kaitt,1 + kglQlcpom 2) 


[10 ]epom * 


Similarly, [05 Jag is determined by the balance 
of sources and sinks. Here, diffusion of 'O, 
from the CDOM microregion is the only source, 
and it is scaled by the 'O, partition coefficient 
and by the volume fraction that the CDOM 
microspheres occupy (Vepoy/Viot): Fhe main 
loss processes are quenching by the solvent 


['Ozlepom 


midpoint 
determined enhancement 
magnitude 
related to CDOM 


molecule size 


[Orlaop 


["Orlag , 


log [CDOM] 


ae measured by probes 1a (circles), 1b 


(squares), and FFA (triangles) upon photolysis of aqueous solutions of various humic acid concentrations. 
The data were fit to Eq. 1 with a global nonlinear least squares approach in which the calculated 
literature value of 0.94 was entered for K&" in determining the fraction of FFA in the CDOM and 
aqueous phase (23). In this fit, all three probe molecules shared values of [+05] po, and [40,] at 


2“corona 


each [AHA]. (Right) Relation between probe molecule hyyqpholiciyahPOU BARC size ABE bp artapp: 
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(ky,0) and by quenchers located in the aqueous 
phase (k,[Q],.): [Os]. can be determined by 


, 1 1 Vcpom 
katt. ["O]cpom y107 Ve 
‘OM 


ku,o + kg [Qlag 


['O3]aq = 


(3) 


Eq. 3 is in the same hyperbolic form as expres- 
sions used in conventional aqueous phase !O, 
analyses (/, 29). 

According to Eqs. 1 to 3, specific predictions 
can be made about the effects of adding 'O, 
quenchers and changing the solvent from H,O to 
D,O on ['O,]epom ['Or]aqg and the ['0,],,,, 
values measured by various probe molecules. In 
addition, because the diffusion terms in Eqs. 2 
and 3 are dependent on the radius of the sen- 
sitizing species, the measured ['Os]epom!l'Ozlag 
ratio can be used to assess the size of the CDOM 
macromolecules that the hydrophobic probes are 
sampling. From our experimental results and 
analytical solutions of the [O,|oponl Orla 
ratio arising from the three-zone model for 
CDOM of different radii, we calculate an AHA 
radius of 1.3 Sa for Ke = |. Using an upper- 
limit value of Koy? =5.6, we calculated a radius 
of 0.6 nm. With a density of 1.5 g/mL (28), 
these sizes correspond to a molecular weight 
range of 820 to 8300 Da. This molecular weight 
range agrees with the average value of 4100 Da 
determined through size exclusion chromatogra- 
phy measurements of the same material (32). 

Hydrophobic quenchers that partition into 
the CDOM microphase lower ['O,]o5o by 
adding an additional intra~CDOM !0, loss pro- 
cess. Because these quenchers are concentrated 
through association to the CDOM microphase, 
their potency is increased. We have tested this 
idea by measuring ee values in irradiated 
AHA solutions using probe molecule 1a in the 
presence of low concentrations of the hydropho- 
bic 10, quencher B-carotene (60 to 120 nM). 
Unexpectedly, significant quenching of 'O, was 
observed. From a Stern-Volmer analysis using 
the nominal concentrations of B carotene, k, was 
determined to be 2.4 x 10!2 M s“, higher than 
the diffusion-controlled limit. This is strong 
qualitative evidence supporting the association 
of B-carotene with the CDOM microphase. For a 
quantitative analysis of the quenching, we em- 
ployed the Poisson distribution model described 
by Burns ef al. for the intra-CDOM scaveng- 
ing of reactive intermediates (16). The adjustable 
parameter in this model is the ratio of bound 
quencher molecules to CDOM macromolecules, 
and we find a best-fit value of [CDOM] = 150 nM 
at 1.5 mg C/liter AHA, which roughly corre- 
sponds to a molecular weight of 20,000 Da (28). 

Similarly, the three-zone model predicts that 
hydrophilic quenchers should have a signifi- 
cant impact on [!0,],., as has been observed 
by others [e.g., refs. (2, 29)], but little effect on 
['0,]epom: 1 photolysis experiments with AHA 
sensitizer (1.5 mg C/liter) and 1.3 mM sodium 
azide, a commonly used aqueous phase '!O, 
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Fig. 3. Kinetic scheme describing the 
formation and reactivity of 70, in the 
CDOM region, aqueous +0, corona, 
and aqueous bulk region of a micro- 
heterogeneous mixture. O, is ground- 
state molecular oxygen, S$ is the 
substrate, Q is a physical quencher, k, 
is the zero-order formation rate con- 
stant, | is light intensity, ¢ is the 


absorption coefficient of the sensitizer, —. ['Orleorona [Orhcorona 
®, is the quantum yield for 10, ats 
formation, sens is sensitizer, and koe "es ed 
ky Kopyy and k,,, are the rate con- PrystenCDOM | Kank Slcpom krnlSlag KpnyalSleq 
sa nts ‘er oe a soe constant production rate 

sical quenchi ; i : 
ae ehi S, a Poe caeroee ‘tes cae generat a ag 


with S, respectively. The subscripts 
CDOM, corona, and aq refer to CDOM, 
corona, and aqueous phase concen- 
trations of various chemical species 


(ie, 0, 10,, S, and Q), respectively. The terms Kis as Kaite—a 
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Fig. 4. Calculated 10, distributions about a 1.3- 
nm-radius CDOM macromolecule in aqueous solu- 
tions. Calculations were performed for a CDOM 
particle in H,O (solid line), D,O (dashed line), and 
H,0 with 1 ma sodium azide ‘(dotted line). In these 
calculations, Koni ‘0, = 1. The inset shows the near- 
CDOM gradients for the three calculations on a 
linear concentration scale, emphasizing that very 
little difference is expected between the three 
conditions near the CDOM molecule. 


quencher (29, 33), we see a significant reduction 
in [0,] as measured by FFA (79 + 2%), and a 
small reduction in ['0,]apoy~ aS determined 
with probe la (6 + 9%). The magnitude of the 
quenching in the aqueous phase corresponds 
toa k, of 7 x 108 M's" for azide, which is 
consistent with previous reports (29). The small 
6% quenching observed for [10, ]onoy is within 
experimental error of the 0% prediction of the 
three-zone model. 

An additional test commonly used to verify 
10, processes in aqueous solutions is to mea- 
sure the kinetic solvent isotope effect (KSIE) 
upon changing from H,O to D,O solvent. The 
solvent-dependent !O, deactivation rate constant 
is lower by a factor of about 13 for D,O than 
it is for H,O (29, 34), which leads to higher 
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CDOM region 


aqueous ‘0 corona 


aqueous bulk 


Fopom = 0.6-1.3nm 


and K sig 
rate constants for diffusion of 70, from the CDOM phase to the aqueous 


corona, from the corona back into the CDOM phase, and from the corona into 


are 


['0,], 4 values in the deuterated solvent. Accord- 
ingly, POs. values measured by hydrophilic 
probes in D,O should be higher by a factor of 
13 than those measured in H,O for a given 
[AHA]; the KSIE values measured by FFA over 
a range of [AHA] were consistent with this 
treatment [KSIE = 11.3 to 14.0, [AHA] = 0.7 to 
7.3 mg C/liter (35)]. A change in the aqueous 
solvent is not expected to alter ['O,]nonp 
however, and hydrophobic probes 1a and 1b 
reported insignificant KSIEs over the same range 
of [AHA] (KSIE = 0.9 to 1.2). 

To visualize the spatial distribution of !O, 
inside the CDOM microphase and in the aque- 
ous phase, we performed numerical calculations 
similar to those outlined in the radial distribu- 
tion model described by Wu and Gschwend for 
sorption/desorption of pollutants into spherical 
natural aggregates (36, 37). In these calculations, 
we divided the CDOM and aqueous regions into 
a series of concentric spheres with incrementally 
increasing radii of 0.1 nm. The concentration of 
'O, within each shell was allowed to change at 
each time step as a result of source and sink 
processes, including formation, quenching, and 
diffusion. Iterative calculations with 2-ps time 
steps were performed until a steady-state distri- 
bution was achieved (less than 100 parts per 
billion change in [!0,] at the corona/bulk in- 
terface in 2 ps). With 0.1-nm-long steps, it was 
determined that time steps <2 ps were needed to 
prevent instability in the iterative calculations. 

The probabilistic 'O, distributions deter- 
mined for three such calculations, in which 
the medium was pure H,O, pure D,O, and 1 mM 
azide ion in H,O, are shown in Fig. 4. The cal- 
culated radial distributions of 'O, reflect the 
quenching by azide and the enhanced 'O, life- 
time in D,O. The calculated distributions reveal 
that the radial concentration profiles inside and 
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the bulk water region, respectively. The fraction of a given chemical species 2 
the CDOM phase is fon oyy de is the fraction in the aqueous phase, and K,,, 
the organic matter-water partition coefficient for a given compound. 


affected by change in the solvent medium. 
The near-CDOM profiles are controlled by 
mass-transfer kinetics, and the primary effect 
of changing the quenching efficiency of the 
bulk solvent is to change the size of the corona. 

Because 'O, is also a good proxy for 
3CDOM, our results predict similar behavior 
for other hydrophobic compounds transformed 
by excited-state triplet species. In addition to 
10,, other photochemically produced reactive 
intermediates are expected to display micro- 
heterogeneous distribution profiles. The radial 
distributions for these species will be controlled 
by their characteristic diffusion lengths. 
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Paleoclimatic Evidence for Future 
Ice-Sheet Instability and 
Rapid Sea-Level Rise 


Jonathan T. Overpeck,?* Bette L. Otto-Bliesner,” Gifford H. Miller,? Daniel R. Muhs,* 


Richard B. Alley, Jeffrey T. Kiehl? 


Sea-level rise from melting of polar ice sheets is one of the largest potential threats of future 

climate change. Polar warming by the year 2100 may reach levels similar to those of 130,000 to 
127,000 years ago that were associated with sea levels several meters above modern levels; both 
the Greenland Ice Sheet and portions of the Antarctic Ice Sheet may be vulnerable. The record of 
past ice-sheet melting indicates that the rate of future melting and related sea-level rise could be 


faster than widely thought. 


illions of people and their infrastruc- 

ture are concentrated near coastlines 

and are thus vulnerable to sea-level 
rise (/); entire countries may be submerged by 
a rise of a few meters. The Intergovernmental 
Panel on Climate Change (IPCC) Third Assess- 
ment (TAR) (2) suggested a rise of 0.09 to 
0.88 m by the year 2100 unless greenhouse 
gas (GHG) emissions are reduced substantial- 
ly. The IPCC TAR also suggested that con- 
tinuing GHG emissions could trigger polar 
ice-cap melting beyond 2100, with sea-level 
rise in excess of 5 m within the next millennium 
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(2). More-recent modeling (3) indicated that the 
Earth will be warm enough by 2100 to melt the 
Greenland Ice Sheet (GIS) over the next mil- 
lennium or so, and more-recent theoretical 
considerations (4) suggested that the melting 
could be faster and hence more challenging for 
society. 

Ongoing Arctic warming is already melting 
ice, including sea-ice thinning and retreat and 
also enhanced melting of the GIS (5). These 
changes, coupled with recent changes in west- 
em Antarctica (6, 7) and the enormous potential 
market and nonmarket costs of large sea-level 
rise, led us to reexamine the climate asso- 
ciated with the last major sea-level rise above 
modern levels that occurred in Earth history. 
Corals on tectonically stable coasts from the 
last interglaciation period (LIG) provided strong 
evidence that sea level was 4 to >6 m above 
present levels during a sea-level high stand 
that likely lasted from 129,000 + 1000 years 
ago to at least 118,000 years ago (8—/3). Our 
goal is to untangle the causes of this past sea- 
level change in order to understand how sea 
levels may change in the next 100 years and 
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Recent assessments of the LIG climate and 
the sea-level high stand have pointed mostly to 
the likelihood that melting of the GIS contrib- 
uted 2 or more m of sea-level equivalent at that 
time (14, 15). This hypothesis is supported by 
the substantial orbitally driven excess of North- 
erm Hemisphere summer insolation 130,000 
years ago relative to the present day, with no 
corresponding Antarctic excess (Fig. 1) (/6). 
More-recent work (/7) coupled new climate 
and ice-sheet modeling with Arctic paleo- 
climatic data to make a strong case that the 
central part of GIS was intact throughout the 
LIG and that the GIS and other Arctic ice fields 
likely contributed 2.2 to 3.4 m of sea-level rise 
during the LIG. The low-end (4 m) estimate of 
observed LIG sea-level rise can thus be ex- 
plained by the high-end possible contribution 
from the GIS, Iceland, and other Arctic ice 
fields (17), plus additional small contributions 
from Northern Hemisphere mountain-glacier 
melt. However, the low to midrange estimates 
of LIG Arctic sea-level contribution imply at 
least some Antarctic contribution, and an im- 
portant Antarctic contribution is required to 
explain a total observed LIG sea-level rise in 
the 4 to >6 m range. 

Recent thinning along the margins of the 
East Antarctic Ice Sheet (EAIS) and, in par- 
ticular, over notable portions of the West 
Antarctic Ice Sheet (WAIS) (18-20) suggests 
there may have been LIG contributions to sea 
level from both parts of the Antarctic Ice Sheet. 
There has been longstanding concern regarding 
the potential for rapid WAIS collapse and the 
<5-m sea-level rise that might follow warming- 
induced loss of buttressing ice shelves (2/). 
That concern was downplayed subsequently but 
has reemerged because warming-induced ice- 
shelf reduction along the Antarctic Peninsula 
and in the Amundsen Sea region was followed 
by accelerated flow of tributary glaciers (6, 7, 20). 
Although state-of-the-art knowledge of ice sheet 
dynamics may not be sufficient to simulate cur- 
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rent or future changes in the WAIS (6, 20), our 
inference that the Antarctic Ice Sheet likely 
contributed to sea-level rise during the LIG in- 
dicates that it could do the same if the Earth’s 
climate warms sufficiently in the future. 

Although the low-end (<4 m) estimates of 
the observed LIG sea-level high stand may not 
require a substantial contribution from the Ant- 
arctic Ice Sheet, there are two lines of evidence 
that support a WAIS contribution (in addition to 
the evidence that LIG sea level may have been 
substantially more than 4 m above present). 
First, diatom and !°Be data collected from 
sediments below the ice-stream region of the 
Ross Embayment indicate that the central 
WAIS was likely smaller at some point in the 
last several hundred thousand years (22), and it 
now appears that the LIG, not an earlier 
interglaciation [i.e., marine isotope stage 11, 
circa (ca.) 400,000 years ago (23)], is the most 
likely candidate for an associated sea-level rise 
of the needed magnitude. Second is the evidence 
from multiple ice cores (24-26) that some process 
caused substantial (2.5° to over 5°C) warming 
over East Antarctica beginning at the same 
early LIG time as the observed sea-level high 
stand [as suggested by the coincidence of the 
peak isotope-inferred LIG warming and CH, 
levels (26)]. This is surprising given the lack 
of a positive summertime south polar insola- 
tion anomaly (Fig. 1) and simulated (27) LIG 
cooling over Antarctica (Fig. 2). A possible 
explanation is the presence of a much-reduced 
WAIS that would have lowered albedo and 
altered atmospheric circulation over a large area 
of Antarctica. These changes could have 
driven the observed warmer temperatures over 
the Antarctic region in Southern Hemisphere 
summer. 

Assuming that the GIS and WAIS both may 
have contributed to the LIG sea-level high stand, 
we used a state-of-the-art coupled atmosphere- 
ocean climate model to simulate the climate of 
130,000 years ago and then compared this 
simulation with simulations of the next 140 
years made with the same model to learn how 
much sea-level rise might be expected in the 
future (27). Results of our LIG climate simu- 
lation are in good agreement with observed 
Northern Hemisphere warming for the LIG (/7) 
and reveal several key aspects of the LIG 
climate (Fig. 2). First, the simulated LIG was 
warmer than the present period in the Northern 
Hemisphere but not in the Southern, consistent 
with strong northern but near-zero southern 
summer insolation anomalies at that time (Fig. 
1). This result indicates that sea-level rise at 
130,000 to 128,000 years ago probably started 
first with the melting of the GIS and not the 
Antarctic Ice Sheet. Simulated summertime 
LIG warming of Greenland is less than 5°C 
everywhere and averages less than 3.5°C above 
modern temperatures (Fig. 2), providing our es- 
timate of the warmth needed to cause the 
shrinkage of GIS that occurred during the 
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Fig. 1. Comparison of 
insolation anomalies (16) 
over the past 150,000 
years for 70°N (top), 
50°N (middle), and 
80°S (bottom). Insolation 
suffident to begin major 
melting leading to the last 
interglaciation occurred 
only after ca. 135,000 
years ago (line labeled ‘A”); 
an inference based on the 
observation that major 
melting over the more 
well-constrained and _ re- 
cent deglaciation did not 
begin until the same level 
of insolation was reached 
at ca. 15,000 years ago 
(30) (line labeled “C”). 
A much higher rate of 
Northern Hemisphere 
summertime insolation 
increase existed over the 
penultimate deglaciation 
(line labeled “B,” ca. 
130,000 years ago) than 
over the most recent de- 
glaciation (line labeled 
“D,” ca. 12,000 years ago). 
80 


Insolation Anomaly (Wm*) 


LIG. These temperatures were associated with 
a simulated net annual reduction in snowfall 
over Greenland (Fig. 2). Simulated summer sea 
ice in the Arctic Ocean was greatly reduced at 
ca. 130,000 years ago, in accord with the 
paleoenvironmental record from this region 
[references in (/7)]. Lastly, because of the 
latitudinally asymmetric insolation anomalies 
during the LIG, simulated annual average 
global temperature was not notably warmer 
than present, implying that sea-level rise due 
to ocean expansion at that time was likely 
minimal. 

Comparison of the summer-season warmth 
sufficient to have melted much of the GIS 
130,000 years ago with simulated future climate 
(Fig. 2) indicates that at (or before) 2100 A.D. 
(and three times the amount of preindustrial 
CO,), the high northern latitudes around Green- 
land will be as warm as or warmer than they 
were 130,000 years ago and hence warm enough 
to melt at least the large portions of the GIS that 
apparently melted during the LIG (/7). This 
finding assumes that GHG concentrations will 
rise at a rate equivalent to 1% per year through 
the end of this century; slowed increases would 
delay the ice-sheet response, and faster in- 
creases would accelerate the response. As with 
our paleoclimate LIG simulation, it does not 
appear likely that increased snowfall (Fig. 2) or 
ocean circulation changes (/7) will offset GIS 
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Recent assessment of future climate change 
(2) indicates that the amount of future warming 
is highly dependent on the model used, with 
some models less sensitive to elevated atmo- 
spheric GHG concentrations than others. The 
model we used has midrange sensitivity and 
appears reasonably accurate (27). Both past and 
future simulations are characterized by large 
Arctic warmings (i.e., to above freezing) that 
extend from the spring into the fall. The future 
susceptibility of the GIS to melting is also 
likely to be exacerbated by soot-induced snow 
aging (28), a factor that probably did not play a 
role 130,000 years ago. Lastly, Greenland could 
be much warmer by 2130 than it was during the 
LIG (Fig. 2), assuming a 1% per year increase 
in CO, or equivalent GHGs. Thus, by any ac- 
count the GIS could be even more susceptible 
to melting in the near future than it was 
130,000 years ago. 

Recent rates of sea-level rise (2.6 + 0.04 mm/ 
year) (29) are already nearing the maximum 
average rate (3.5 mm/year) projected to occur 
over the next 1000 years by the IPCC (2). This 
anticipated rate is substantially less than the 
11 mm/year average rate of sea-level rise 
measured for the last deglaciation between 
13,800 and 7000 years ago (30). As mentioned 
earlier, however, the penultimate deglaciation, 
culminating with the LIG sea-level high stand 
4 to >6 m above that of the present day, was 
driven by a substantially larger northern high 
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latitude summertime insolation anomaly (Fig. 1). 
It seems likely, therefore, that ice-sheet melt- 
ing leading to the LIG sea-level rise should 
have been at least as fast as the sea-level rise 
(11 mm/year) associated with the close of the 
last glacial period. Although a well-constrained 
record of sea-level rise leading to the LIG high 
stand is not yet available, there is well-dated 
yet controversial coral evidence that sea-level 
rise over this interval may have occurred at 
rates higher than 20 mm/year, perhaps right 
up to the LIG sea-level high stand (3/). This 
makes sense given the much higher inso- 
lation (and warming) anomaly at this time 
and also the very real possibility that a LIG 
shrinkage of the WAIS (21) may be required 
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Fig. 2. Simulated climate for each of four time periods, from left to right: present 
day (Modern), 130,000 years ago (anomalies from present day, A LIG), 2100 A.D. 
(the time atmosphere reaches three times preindustrial CO, levels, climate anomalies 
from present day, A AD 2100), and 2130 A.D. (four times preindustrial CO, levels, 
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to explain the large amount of sea-level rise 
above that of the present day at that time. 
Other recent paleo—sea-level studies indicate 
that very rapid sea-level rise is indeed pos- 
sible (32). 

Our analysis, as well as ongoing changes in 
coastal Antarctica, are at least suggestive that the 
WAIS can indeed shrink rapidly as originally 
envisioned by Mercer (2/). Given that there was 
no positive summer (melt-season) insolation 
anomaly at high southern latitudes in the sev- 
eral millennia before 129,000 years ago, it 
appears that two factors may have led to a LIG 
collapse of the WAIS (or perhaps portions of 
the EAIS). The first may have been the sea- 
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climate anomalies from present day, A AD 2130). Shown for each time period are 
peak summertime (July to August and January to February means) surface air 
temperature and annual snow depth. Note significant warming at north polar 
latitudes and the lack of any summer warming over Antarctic at 130,000 years ago. 


128,000 years ago GIS melting, and the second 
factor may have been shallow ocean warming 
around and under the Antarctic ice shelves 
that buttress portions of the Antarctic Ice 
Sheet. Sea-level rise seems to have had minor 
effects on the WAIS during the most recent 
deglaciation (33), but perhaps the greater 
speed of sea-level rise into the LIG compared 
with that from the Last Glacial Maximum (ca. 
21,000 years ago) played a role by reducing 
the ability of isostatic rebound after grounding- 
line retreat to shallow sub-ice-shelf cavities 
and promote regrounding. As for the sub- 
surface warming of south polar oceans, our 
LIG simulation showed modest (generally 
less than 0.5° but up to 1°C) warming in the 
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Fig. 3. Simulated shal- Modern 
low (100 m, top; 200 m, 
bottom) annual mean 
ocean potential temper- 
atures for each of four 
time periods, from left 
to right: present day, 
130,000 years ago 
(anomalies from present 
day), 2100 A.D. (time at- 
mosphere reaches three 
times preindustrial CO, 
levels, climate anomalies 
from present day), and 
2130 A.D. (four times 
preindustrial CO, levels, 
climate anomalies from 
present day), A ca. 2- 
month-long positive inso- 
lation anomaly in austral 
spring (Fig. 1) fails to 
warm surface air temper- 
atures over Antarctica to 
above freezing but 
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nonetheless acts to warm the subsurface shallow ocean, as well as ice shelves of the same depth. 


upper 200 m of the ocean (Fig. 3) that would 
have further weakened ice shelves by thinning 
them from below; Shepherd ef al. (34) find 
that such a modest warming increases sub— 
ice-shelf melt rates substantially, by perhaps 
5 m/year up to 10 m/year. In our simula- 
tion, this small but notable warming was 
due to a positive springtime (October) insola- 
tion anomaly driving reduced sea ice and 
enhanced subsurface warming; note that this 
cool-season warming was not large enough 
to generate positive surface air temperature 
anomalies over the Antarctic in summer (Fig. 
2). Even more dramatic ocean warming is 
likely in the future (Fig. 3), along with surface 
air temperature increases (in all seasons) and 
continued sea-level rise that could destabilize 
ice shelves that buttress the Antarctic Ice Sheet. 
Heat transport beneath ice shelves is highly 
complex, so caution is required, but the LIG 
may provide a conservative constraint on the 
future dynamics of the Antarctic Ice Sheet and 
particularly the WAIS. Moreover, the same 
parts of the Antarctic Ice Sheet may prove 
vulnerable even given increased precipitation 
[eg., (35)]. 

The ice-sheet origin of the LIG sea-level 
high stand in response to relatively small 
warming, together with recent results showing 
rapid response of ice to warming [e.g., (36, 37)], 
pose important challenges for ice-sheet mod- 
eling; whole ice sheet models do not yet 
incorporate important physical processes im- 
plicated in these changes (6, 20). Even in the 
absence of more-realistic models of ice-sheet 
behavior, it remains that ice sheets have con- 
tributed meters above modern sea level in 
response to modest warming, with peak rates 
of sea-level rise possibly exceeding | m/century. 
Current knowledge cannot rule out a return to 
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such conditions in response to continued GHG 
emissions. Moreover, a threshold triggering 
many meters of sea-level rise could be crossed 
well before the end of this century, particularly 
given that high levels of anthropogenic soot 
may hasten future ice-sheet melting (28), the 
Antarctic could warm much more than 129,000 
years ago (Figs. 2 and 3), and future warm- 
ing will continue for decades and persist for 
centuries even after the forcing is stabilized 
(38, 39). 
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Simulating Arctic Climate Warmth 
and Icefield Retreat in the 


Last Interglaciation 
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In the future, Arctic warming and the melting of polar glaciers will be considerable, but the 
magnitude of both is uncertain. We used a global climate model, a dynamic ice sheet model, and 
paleoclimatic data to evaluate Northern Hemisphere high-latitude warming and its impact on Arctic 
icefields during the Last Interglaciation. Our simulated climate matches paleoclimatic observations 
of past warming, and the combination of physically based climate and ice-sheet modeling with ice- 
core constraints indicate that the Greenland Ice Sheet and other circum-Arctic ice fields likely 
contributed 2.2 to 3.4 meters of sea-level rise during the Last Interglaciation. 


etermining the sensitivity of the Arctic 
Dim system to anomalous forcing 
and understanding how well climate 
models can simulate the future state of the Arctic 
are critical priorities. Over the past 30 years, Arc- 
tic surface temperatures have increased 0.5°C per 
decade (/); September Arctic sea ice extent has 
decreased 7.7% per decade (2); and the seasonal 
ablation area for Greenland has increased, on 
average, by 16% (3-5). The global climate mod- 
els being used to estimate future scenarios of Arctic 
warmth give polar warming of 0.7°C to 4.4°C—a 
large range—as well as a reduction of Arctic sea 
ice of up to 65% at the time of the doubling of 
atmospheric CO, (6). The Last Interglaciation 
(LIG, ~ 130,000 to 116,000 years ago) is the last 
time that the Arctic experienced summer temper- 
atures markedly warmer than those in the 20th 
century and the late Holocene, and it also featured 
a significantly reduced Greenland Ice Sheet (GIS). 
Climate models need to be able to reproduce this 
large, warm climate change in the Arctic if they 
are to be trusted in their representation of Arctic 
processes and their predictions for the future. 
Paleorecords indicate much warmer Arctic 
summers during the LIG. Storm beaches and 
ancient barrier islands with extralimital mollusks 
of LIG age indicate that the open water north of 
Alaska was more extensive and lasted seasonally 
longer (7). Boreal forest communities expanded 
poleward by as much as 600 to 1000 km in 
Russia (8), reaching the coast everywhere 
except in Alaska (9) and central Canada. Total 
gas evidence from LIG ice in the Greenland Ice 
Core Project (GRIP) ice core indicates that the 
Summit region remained ice-covered, although 
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possibly up to ~500 m lower than the ice level 
at present, at some time in the LIG (/0). In 
contrast, basal ice at Dye-3 (southern Green- 
land), in the Agassiz, Devon, and Meighen ice 
caps in the Canadian Arctic, and possibly in 
Camp Century (northwest Greenland), suggest 
that these drill sites were ice-free during the 
LIG (0, 11). The increased presence of vegeta- 
tion over southern Greenland is reconstructed 
from plant macrofossils (/2) and fern spores 
(13). Elsewhere; pollen, insects, marine plank- 
ton, and other proxies document the magnitude 
of LIG summer warmth across the Arctic (14). 

We conducted climate simulations for the 
LIG with a global, coupled ocean-atmosphere- 
land-sea—ice general circulation model [NCAR 
Community Climate System Model (CCSM)] 
(15). We also used ice-sheet simulations with a 
three-dimensional, coupled ice and heat flow 
model (/6), which spans the entire western 
Arctic from 57°N to 85°N, including Greenland 
and smaller scale ice caps in Iceland and the 
Canadian Arctic (14). We chose to simulate the 
start of the LIG, approximately 130,000 years 
ago (130 ka), reflecting evidence of early LIG 
summer Arctic warmth (/4) and of an LIG sea- 
level high stand of 4 to 6 m above present day 
likely by 129 ka + 1000 years (/7, 18). 

Our climate simulation was forced with the 
large insolation anomalies of the LIG at 130 ka; 
anomalies driven by changes in Earth’s orbit, 
which are known to have caused warm Northern 
Hemisphere climate (19-21). The anomalous 
forcing for the start of the LIG (130 to 127 ka) 
was concentrated in the late spring and early 
summer because of the nature of Milankovitch 
solar anomalies. This timing is important because 
the GIS is extremely sensitive to warm, early- 
summer conditions (22). Positive solar anomalies 
at the top of the atmosphere exceeded 60 W m7? 
at high northern latitudes in May to June for 
130 ka (Fig. 1) and until 127 ka. After 127 ka, 
these positive solar anomalies decreased con- 
siderably, and by 125 ka, they were less than 
the maximum May-to-June solar anomalies of 
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not enough to melt the GIS much beyond its 
modern configuration. Annual mean changes of 
insolation at high northern latitudes for 130 ka 
were much smaller, less than 6 W m~?; global 
annual mean forcing was very small, 0.2 W m~?. 

A comparison between proxy-based recon- 
structions for the Arctic LIG and those simulated 
with the CCSM climate model shows good 
agreement (Fig. 2). Solar anomalies drive signif- 
icant simulated summer (June, July, and August) 
warming in the Arctic (for 60°N to 90°N, an 
average warming of 2.4°C with significant region- 
al variation) (Fig. 2). In agreement with paleo- 
climatic observations, simulated warming in 
excess of 4°C occurs in the northern Hudson Bay— 
Baffin Island—Labrador Sea region, and across 
to the seas adjacent to northern and eastern 
Greenland. Greenland warms by 3°C or greater 
along the edges of the ice cap and by 2.8°C in 
central Greenland in CCSM, somewhat less than 
observed. Less summer warming 1s indicated for 
northern Europe (2°C to 3°C), as well as Alaska 
and western Canada (0°C to 2°C), in both the 
proxy reconstruction and CCSM. The simulated 
warming over Siberia is 2°C to 4°C, somewhat 
less than the paleodata in parts of this region. 

The insolation anomalies result in increased 
sea ice melting early in the summer season, with 
reduced sea ice extending from April into 
November. The minimum LIG Arctic sea-ice 
area simulated in August and September is 50% 
less than that simulated for present day, with 
50% summer coverage in the Arctic Ocean only 
occurring poleward of 80°N (fig. S1). The re- 
duction of summer sea ice leads to simulated 
warming of the Arctic Ocean north of Alaska by 
~2°C. The North Atlantic warms by 1°C to 2°C, 
with above-freezing temperatures extending 
northward along circumcoastal regions, and 
substantial warming extending as far east as 
Severnaya Zemlya in CCSM. The CCSM is in 
accord with marine records that indicate modest 
warming (0°C to 4°C) at LIG (Fig. 2). 

The simulated temperature response of the 
Arctic to altered LIG insolation is significant 
over the ice sheet and the surrounding waters of 
Greenland. Feedbacks associated with reduced 
sea ice and a warmer North Atlantic Ocean and 
Labrador Sea act to warm all of Greenland dur- 
ing the summer months, with the southern quar- 
ter and far northern coastal regions averaging 
above freezing for multiple months. Maximum 
daily surface temperatures during the summer are 
above freezing over the entire ice sheet. Annual 
snow depths decrease significantly along the 
southern, western, and northern edges of the ice 
sheet (/7). These decreases are primarily due to 
melting with warmer surface temperatures. 
Modeled precipitation rates are generally not 
significantly different from present, except for 
marginally significant increases in northwest 
and central Greenland and southeast Iceland, 
associated with warmer nearby oceans. 

Simulated margins of the GIS, as well as 
smaller Arctic icefields, respond immediately to 
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Fig. 1. Anomalies of solar radiation incoming at 
the top of the atmosphere at 130 ka relative to 
present as a function of latitude. Large positive 
anomalies occur over the Arctic during boreal late 
spring and early summer. Northern high-latitude 
annual mean anomalies are small and positive, 
whereas global annual mean anomalies are close 
to zero. Similar high-latitude anomalies occur for 
boreal late spring and early summer through 127 
ka, diminishing considerably after that time. Jun, 
June; Apr, April; Ann, annual. 


the warmer spring and summer temperatures. 
The total icefield ablation area increases from 
2.64 x 10° km? for modern time to 5.25 x 10° 
km? in the LIG, with melt rates near the ice 
margins increasing by as much as | m/year. 
Greater snow accumulation compensates for 
elevated melt rates in southeast Iceland, cen- 
tral Greenland, and isolated coastal sites in 
Greenland, giving small, positive mass-balance 
perturbations for the LIG of ~0.2 m/year. Else- 
where in the western Arctic, increased melt rates 
and an extended ablation season lead to negative 
mass-balance perturbations, with initial losses of 
—0.3 to -0.6 m/year in most of coastal Green- 
land. On average over the western Arctic, the 
mass-balance perturbation is -0.19 m/year. 

As the simulated ice caps retreat over several 
millennia in response to the orbitally induced 
warming, loss of ice mass leads to surface low- 
ering, an amplification of the mass-balance pertur- 
bation, and accelerated retreat. The sustained 
negative mass-balance perturbations cause the 
almost-complete demise of icefields in the Queen 
Elizabeth Islands, consistent with the ice-core in- 
ferences discussed in Koerner (//, 23). In approx- 
imately 2000 years, the GIS has retreated such 
that Dye-3 becomes ice-free, in agreement with 
LIG paleorecords (Fig. 3A) (J /—/3). In this con- 
figuration, Greenland and the western Arctic ice- 
fields contribute 2.2 m of sea-level rise; this is the 
minimum sea-level rise that the Arctic likely 
contributed during the LIG. After an additional 
millennium, the simulated LIG surface drawdown 
at the paleodivide is ~570 m, near the constraint 
provided by ice-core data (10). This minimal GIS 
configuration (Fig. 3B) yields a maximum Arctic 
sea-level contribution of 3.4 m. 

Our simulated GIS is not in equilibrium, and 
continued warmth would drive a smaller and 
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Fig. 2. Arctic summer surface-temperature anomalies. (A) Maximum observed LIG summer 
temperature anomalies relative to present derived from quantitative [terrestrial (circles) and marine 
(triangles)] paleotemperature proxies as part of CAPE Last Interglacial Project (14). (B) LIG summer 
(June, July, and August) temperature anomalies relative to present simulated by CCSM for 130 ka. 
(C) Additional LIG summer warming for our no-Greenland Ice Sheet sensitivity simulation relative 
to our LIG simulation with the GIS. (D) Summer temperature anomalies for a freshwater anomaly 
of 0.1 sverdrup to the North Atlantic for 100 years simulated by CCSM. For the CCSM simulations, 
only anomalies significantly different from natural model variability at 95% confidence interval 


are shown. 


lower ice sheet and continued sea-level rise. 
However, the GIS configurations in Fig. 3 are 
consistent, in terms of height and area, with 
observed ice-core data, thus providing a con- 
straint on the Canadian Arctic and Iceland 
icefields and of the GIS at their smallest size 
during the LIG (Fig. 3). Moreover, our use of 
observations and model together indicate that the 
minimal LIG GIS was a steeply sided ice sheet 
in central and northern Greenland (Fig. 3) and 
that this ice sheet, combined with the change in 
other Arctic ice fields, likely generated 2.2 to 3.4 
m of early LIG sea-level rise (1.9 to 3.0 m from 
Greenland and 0.3 to 0.4 m from Arctic Canada 
and Iceland). Previous modeling studies of the 
LIG, based on independent, ice-core—derived 
temperature histories (24, 25) from GRIP (Green- 
land) 5!8O0 and Vostok (Antarctica) 5D data, also 
suggest a minimum GIS within a few millennia 
of the maximum LIG insolation anomaly. 

Our climate model captures the terrestrial 
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mates, except over Siberia. In Siberia, the model 
underestimates the observed warming by up to 
1°C to 2°C. Previous modeling studies have shown 
that Arctic vegetation changes act as a positive 
feedback for past periods of enhanced summer 
solar radiation, including the Holocene (26, 27) 
and the LIG (28). Our simulation lacked this pos- 
itive feedback, just as this feedback is missing in 
most projections of future warming. However, 
our results indicate that CCSM does a good job of 
simulating much of the observed Arctic response 
to altered radiative forcing without this feedback, 
confirming that the size of the missing vegetation 
feedback is likely smaller than was previously 
estimated (14, 19, 27). 

A sensitivity simulation with CCSM with all 
ice removed from Greenland and replaced with 
lower-albedo bedrock gives a measure of the large 
positive feedbacks associated with the large 
reduction of surface albedos due to ice sheet 
retreat and vegetation growth over Greenland 
(Fig. 2C). The additional warming is primarily a 
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Fig. 3. Simulated ice-sheet thickness maps for LIG climate forcing. (A) 
Configuration for when the location of Dye-3 ice core becomes ice-free. This 
configuration gives the minimum sea-level rise (2.2 m) that the Arctic likely 
contributed during the LIG. (B) Configuration for a paleodivide elevation of 
570 m lower than present. This configuration gives the maximum Arctic 
sea-level rise (3.4 m) that the Arctic likely contributed during the LIG. 


local response over Greenland. Surface temper- 
atures warm an additional 7°C at Renland and 
Dye-3 and more than 10°C at GRIP. This warm- 
ing is clearly an overestimate compared with 
ice-core and other proxy estimates (Fig. 2), con- 
firming the likelihood that the GIS retreated 
only to the smaller and steeper configuration 
that we simulated (Fig. 3). 

A sea-level rise of 3.4 m over 3000 years is 
equivalent to freshwater forcing of the North 
Atlantic and Labrador Sea of 0.013 sverdrup. It is 
reasonable to assume, however, that the rate of 
meltwater discharge would not have been con- 
stant in time, and could have been greater at some 
times than others during the drawdown of the 
GIS. We thus performed a sensitivity simulation 
with 0.1 sverdrup of water inserted into the 
present-day North Atlantic over 100 years. This 
freshwater forcing yields a simulated 25% 
slowdown of the North Atlantic thermohaline 
circulation and annual cooling of 1.5°C south 
of Greenland, within the range of sensitivities 
of 12 climate model simulations of —3.9°C to 
+0.7°C (29). Simulated summer cooling is gen- 
erally 1°C to 2°C over much of the North At- 
lantic and Labrador Sea (Fig. 2D). Even with 
this more extreme freshwater forcing than is im- 
plied by our simulated average LIG meltwater 
rate, summer surface temperature anomalies 
over Greenland remain positive, which is an in- 
dication of the implied primacy of the large or- 
bital forcing anomalies. These results therefore 
indicate that the likely impact on the North At- 
lantic of any Greenland meltwater would not 
have inhibited the meltback of Greenland. 

Our results confirm that the NCAR climate 
model (with doubled atmospheric carbon diox- 
ide equilibrium sensitivity of 2.2°C) captures 
key aspects of Arctic sensitivity to anomalous 
LIG forcing. Simulated summer Arctic warm- 
ing is up to 5°C (as compared with a simulated 
global cooling of 0.7°C and Northern Hemi- 


SCIENCE VOL 311 


Ice thickness (m) 


2200 


1800 


sphere warming of 1.3°C), and simulated sea-ice 
retreats by 50%. The climate model anomalies 
drive large-scale ice-sheet retreat in the Western 
Arctic that is consistent with available ice-core 
records. Within a few millennia, most of the 
icefields in Arctic Canada and Iceland melted 
away, and the GIS was reduced to a steep ice 
dome in central and northern Greenland. We 
cannot comment on exactly when this ice 
configuration could have occurred during the 
LIG; there are no paleoclimatic observational 
constraints on the time evolution of ice-sheet 
retreat, and the lack of meltwater-driven, ice- 
dynamical processes in current ice-sheet mod- 
els (30) prevents an evaluation of ice-sheet 
model sensitivity. However, our results give a 
likely Arctic (including Greenland) contribu- 
tion to LIG sea-level rise above modern day 
of no more than 3.4 m. Despite the different 
mechanisms of warming, these results indi- 
cate that the impact on Arctic environments 
over the next century can be expected to be 
substantial if predicted future climate change 
comes to pass (/7). 
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Measurements of Time-Variable 
Gravity Show Mass Loss in Antarctica 


1754 


Isabella Velicogna’’?* and John Wahr** 


Using measurements of time-variable gravity from the Gravity Recovery and Climate Experiment 

satellites, we determined mass variations of the Antarctic ice sheet during 2002-2005. We found 
that the mass of the ice sheet decreased significantly, at a rate of 152 + 80 cubic kilometers of ice 
per year, which is equivalent to 0.4 + 0.2 millimeters of global sea-level rise per year. Most of this 


mass loss came from the West Antarctic Ice Sheet. 


he Antarctic ice sheet is Earth’s largest 
reservoir of fresh water. Accurate es- 
timates of its mass variability, accom- 
panied by realistic error bars, would greatly 
reduce current uncertainties in projected sea-level 
change, with obvious societal and economic im- 
pacts. There have been substantial improvements 
in monitoring the ice sheet in the past few years 
(J-3), although recent studies have provided 
contrasting mass balance estimates (/, 3). 

Antarctic mass variability is difficult to mea- 
sure because of the ice sheet’s size and com- 
plexity. Previous estimates have used a variety 
of techniques (/), each with intrinsic limitations 
and uncertainties. A problem common to all 
these techniques is the difficulty of monitoring 
the entire ice sheet. Studies that rely on a single 
method can provide estimates for only a portion 
of the ice sheet, and even studies that syn- 
thesize results from several techniques suffer 
from sparse data in critical regions. 

The most recent Intergovernmental Panel on 
Climate Change (IPCC) assessment estimated 
that the Antarctic contribution to sea-level rise 
during the past century was 0.2 + 0.3 mm/year 
(2). The report predicted that the Antarctic ice 
sheet will probably gain mass during the 21st 
century because of increased precipitation in a 
warming global climate. Recent radar altimeter 
measurements (3) have shown an increase in 
the overall thickness of the East Antarctic Ice 
Sheet’s (EAIS’s) interior during 1992-2003. 
However, the IPCC prediction does not consid- 
er possible dynamic changes in coastal regions, 
and radar altimetry provides only sparse cov- 
erage of those areas (2). Detailed interferomet- 
ric synthetic-aperture radar and airborne laser 
altimeter surveys of glaciers along the edge of 
the West Antarctic Ice Sheet (WAIS) show 
rapid increases in near-coastal discharge during 
the past few years (4). The overall contribution 
of the Antarctic ice sheet to global sea-level 
change thus depends on the balance between 
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mass changes in the interior and those in 
coastal areas (/). The gravitational survey of 
Antarctica provided by the Gravity Recovery 
and Climate Experiment (GRACE) satellites 
and discussed in this paper is a comprehensive 
survey of the entire ice sheet and is thus able to 
overcome the issue of limited sampling. 

GRACE (5) provides monthly estimates of 
Earth’s global gravity field at scales of a few 
hundred kilometers and larger. Time variations 
in the gravity field can be used to determine 
changes in Earth’s mass distribution. GRACE 
mass solutions have no vertical resolution, 
however, and do not reveal whether a gravity 
variation over Antarctica is caused by a change 
in snow and ice on the surface, a change in 
atmospheric mass above Antarctica, or post- 
glacial rebound (PGR: the viscoelastic response 
of the solid Earth to glacial unloading over the 
past several thousand years). Users must 
employ independent means to separate those 
contributions. 

We used GRACE gravity-field solutions for 
34 months between April 2002 and August 2005 


180° 


to estimate the mass change of the Antarctic ice 
sheet. Each solution consists of spherical har- 
monic (Stokes) coefficients, C,,, and S,,, (5), up 
to lm < 120. Here, / and m are the degree and 
order of the harmonic, and the horizontal scale 
is ~20,000/1 km. The GRACE C,, coefficients 
show anomalously large variability, so we re- 
place them with values derived from satellite 
laser ranging (6). The Stokes coefficients can 
be used to solve for monthly variations in 
Earth’s surface mass distribution. The GRACE 
fields provide high-latitude (above 60°) esti- 
mates of monthly mass changes to accuracies 
of 10 mm in equivalent water thickness when 
averaged over discs of radius 600 to 700 km 
and larger (7-10). 

We used the Stokes coefficients to estimate 
monthly mass changes of the entire Antarctic ice 
sheet and of EAIS and WAIS separately. We 
defined an averaging function for each region 
that minimizes the combined measurement er- 
ror and signal leakage (J/). GRACE does not 
recover / = 1 coefficients, so we removed / = 1 
terms from the averaging function. 

Our averaging function for all Antarctica 
(Fig. 1) includes, with about equal weighting, 
both the ice sheet interior and the coastal 
margins, although there is decreased sensitiv- 
ity to the far end of the Antarctic Peninsula. 
This uniform and complete sensitivity allows 
us to use GRACE to obtain a comprehensive 
average of all Antarctica. The averaging func- 
tions are less than 1.0 over most of their re- 
spective regions. Thus, they give results that 
are biased low. To recover unbiased mass es- 
timates for each region, we scaled the esti- 
mated mass signals to restore the original 
amplitudes (/2). 


Fig. 1. The averaging 
function used to estimate 
the change in total Ant- 
arctic mass. 
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Before interpreting the scaled results as ice 
sheet change, we had to address the issues of 
errors in the GRACE gravity fields and the 
contamination from other geophysical sources of 
gravity-field variability. To estimate the effects 
of errors, we convolved our averaging functions 
with uncertainty estimates for the GRACE 
Stokes coefficients (13). We obtained lo error 
estimates that can be interpreted as 68.3% 
confidence intervals. 

There are two types of geophysical contam- 
ination: one caused by signals outside Antarctica 
and the other from Antarctic signals unrelated to 
snow and ice. Leakage from outside Antarctica 
occurs because the averaging function extends 
beyond the boundaries of Antarctica. The leak- 
age is increased because our omission of / = 1 
terms causes the averaging function to have a 
small-amplitude tail that extends around the 
globe. 

We considered two sources of external 
leakage: continental hydrology outside Antarc- 
tica and ocean mass variability. The hydrologi- 


Fig. 2. GRACE monthly 
mass solutions for the 
Antarctic ice sheet for 
April 2002 to August 
2005. Blue circles show 
results after removing the 
hydrology leakage. Red 
crosses show results after 
also removing the PGR 
signal. The latter repre- 
sent our best estimates 
of the mass variability. 
The error bars include 
only the contributions 
from uncertainties in 
the GRACE gravity fields 
and represent 68.3% 
confidence intervals (23). 


Ice mass (km3) 


cal contamination was estimated using monthly 
global water storage fields from the Global Land 
Data Assimilation System (/4). The ocean con- 
tamination was estimated using a Jet Propulsion 
Laboratory version of the Estimating the 
Circulation and Climate of the Ocean general 
circulation model (/5). In both cases, we added 
a uniform layer to the global ocean so that the 
total land plus ocean mass was conserved at 
every time step. We removed the predicted 
hydrology leakage from the GRACE monthly 
mass estimates to obtain the monthly Antarctic 
mass estimates shown in Fig. 2. The predicted 
oceanic leakage was negligible and so was not 
removed. 

The Antarctic mass change from GRACE 
shows a trend superimposed on shorter period 
variability (Fig. 2). We simultaneously fit a 
trend and annually and semiannually varying 
terms to the GRACE-minus-leakage results. 
Interpreting the trend as being due entirely to 
a change in ice, we inferred an ice volume in- 
crease of 39 + 14 km?/year (the trend obtained 


Also shown is the linear 2002.5 
trend that best fits the 


red crosses. 


Fig. 3. Monthly ice mass 
changes and their best- 
fitting linear trends for 
WAIS (red) and EAIS (green) 
for April 2002 to August 
2005. The GRACE data have 
been corrected for hydrolo- 
gy leakage and for PGR. 
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without removing the hydrology leakage is 51 + 
14 km?/year). The uncertainty reflects the errors 
in the GRACE gravity-field solutions and was 
computed using the GRACE monthly error bars 
(Fig. 2). 

This ice mass estimate is contaminated by 
variations in atmospheric mass and from PGR. 
European Centre for Medium-Range Weather 
Forecasts (ECMWF) meteorological fields were 
used to remove atmospheric effects from the raw 
data before constructing gravity fields. But there 
are errors in those fields. We estimated the 
secular component of those errors by finding 
monthly differences between meteorological 
fields from ECMWF and from the National 
Centers for Environmental Prediction, applying 
the Antarctic averaging function to those differ- 
ences and fitting a trend, and annually and 
semiannually varying terms to the results. The 
linear trend was small, equivalent to about 10 
km3/year, and was interpreted as the uncertainty 
due to atmospheric errors. We took the root 
sum square (RSS) with the effects of GRACE 
gravity-field errors, to obtain a new error es- 
timate of +16 km?/year. 

A PGR signal is indistinguishable from a 
linear trend in ice mass. PGR effects are large 
and must be independently modeled and 
removed. There are two important sources of 
error in PGR estimates: the ice history and 
Earth’s viscosity profile. We estimated the PGR 
contribution and its uncertainties using two ice 
history models: ICE-5G (16) and IJ05 (17). 1J05 
is available only for Antarctica, so we com- 
bined it with ICE-5G outside Antarctica. We 
convolved these ice histories with viscoelastic 
Green’s functions for an incompressible Earth 
(J8). We computed trends in the Stokes coef- 
ficients for all plausible combinations of two- 
layer viscosity profiles and convolved these trends 
with the averaging function. ICE-5G trends are 
consistently larger than the IJ05 trends. We es- 
timated the range of possible PGR contributions 
by defining our lower bound to be the minimum 
YJO5S trend (over all viscosity profiles) and our 
upper bound to be the maximum ICE-SG trend. 
Our best estimate of PGR trend is the midpoint of 
this range. This estimate translates to an appar- 
ent ice increase of 192 + 79 km?/year, where 
the uncertainty corresponds to the bounds of 
our PGR range. 

We subtracted this PGR contribution from 
the GRACE-minus-leakage ice mass estimates 
(Fig. 2). The best-fitting linear trend, and our 
final estimate of the decrease in total Antarctic 
mass between the summers of 2002 and 2005, 
is 152 + 80 km*/year. The uncertainty is the 
RSS of the errors in the GRACE fit and in the 
PGR contribution. This rate of ice loss corre- 
sponds to 0.4 + 0.2 mm/year of global sea- 
level rise. 

The PGR contribution (192 + 79 km3/year) 
is much larger than the uncorrected GRACE 
trend (39 + 14 km?/year). A significant ice mass 
trend does not appear until the PGR contribu- 
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tion is removed. The implication is that when 
averaged over all Antarctica, the gravity sig- 
nals from PGR and from ice variability are 
closely coincident (with opposing signs), and it 
underscores the importance of obtaining a 
meaningful PGR uncertainty. Our uncertainty 
accommodates all plausible PGR contributions, 
and removing even the smallest such contribu- 
tion still implies a loss of ice mass. 

We also determined results for WAIS and 
EAIS separately (Fig. 3). We estimated the er- 
rors, the leakage, and the PGR contamination 
of each signal, as described above for the entire 
ice sheet. Both these ice sheets appear to have 
lost mass at higher rates during 2002-2004 than 
during 2004—2005; this is even more evident in 
the total Antarctic results (Fig. 2). 

By fitting a trend and annual and semiannual 
terms to the WAIS and EAIS results, we find 
that most of the Antarctic mass loss comes from 
WAIS. After correcting for the hydrology 
leakage and the PGR signal, we obtain a WAIS 
mass loss of 148 + 21 km?/year. The EAIS mass 
loss is 0 + 56 km?/year. Because of its relatively 
large uncertainty, we are not able to determine 
whether EAIS is in balance or not. The final 
error bars for WAIS and EAIS, like those for 
all Antarctica, are dominated by the PGR 
uncertainty. The predicted PGR gravity signals 
at individual points in WAIS are actually 
somewhat larger than the PGR signals at EAIS 
points. The overall EAIS mass error is larger 
than that for WAIS simply because EAIS 
covers an area almost three times larger, so 
the EAIS averaging function is sensitive to the 
PGR signal integrated over a much larger area. 

For these individual ice sheets, but unlike for 
all Antarctica, the PGR and ice mass signals do 
not cancel one another. For EAIS, the un- 


corrected GRACE trend is about equal to the 
PGR signal, and so we find no significant trend 
after removing PGR. For WAIS, the uncorrected 
GRACE trend and the PGR signal have about 
the same magnitudes but opposite signs, so the 
WAIS trend becomes even larger after PGR is 
removed. 

The GRACE result for total Antarctic ice 
mass change includes complete contributions 
from such regions as the East Antarctic coastline 
and the circular cap south of 82°S, which have 
not been completely surveyed with other 
techniques. The comprehensive nature of this 
result arises because a gravity signal at the 
altitude of GRACE is sensitive to mass var- 
iations averaged over a broad region of the 
underlying surface, not just at the point directly 
beneath the satellite. The main disadvantage of 
GRACE is that it is more sensitive than other 
techniques to PGR; in fact, our error estimates 
are dominated by PGR uncertainties. As more 
GRACE data become available, it will become 
feasible to search for long-term changes in the 
rate of mass loss. A change in the rate would not 
be contaminated by PGR errors, because the 
PGR rates will remain constant over the sat- 
ellite’s lifetime. 
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Seasonality and Increasing Frequency 
of Greenland Glacial Earthquakes 


Goran Ekstrém,1* Meredith Nettles,? Victor C. Tsai? 


Some glaciers and ice streams periodically lurch forward with sufficient force to generate emissions 
of elastic waves that are recorded on seismometers worldwide. Such glacial earthquakes on 
Greenland show a strong seasonality as well as a doubling of their rate of occurrence over the past 
5 years. These temporal patterns suggest a link to the hydrological cycle and are indicative of a 
dynamic glacial response to changing climate conditions. 


ontinuous monitoring of seismic waves 
recorded at globally distributed stations 
(1) has led to the detection and iden- 
tification of a new class of earthquakes associated 
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with glaciers (2, 3). These “glacial earthquakes” 
are characterized by emissions of globally ob- 
servable low-frequency waves that are incom- 
patible with standard earthquake models for 
tectonic stress release but can be successfully 
modeled as large and sudden glacial-sliding 
motions (4). Seismic waves are generated in the 
solid earth by the forces exerted by the sliding 
ice mass as it accelerates down slope and sub- 
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of sliding is typically 30 to 60 s. All detected 
events of this type are associated with mountain 
glaciers in Alaska or with glaciers and ice 
streams along the edges of the Antarctic and 
Greenland ice sheets. The Greenland events are 
most numerous, and we present new data in- 
dicating a strong seasonality and an increasing 
frequency of occurrence for these events since 
at least 2002. 

For the period January 1993 to October 2005, 
we have found 182 earthquakes on Greenland by 
analysis of continuous records from globally 
distributed seismic stations (5). None of these 
earthquakes are reported in standard seismicity 
catalogs. We have modeled seismograms for 
136 of the best-recorded events to confirm their 
glacial-sliding source mechanism and obtain 
improved locations (Fig. 1) (6, 7). This analysis 
yields an estimate of the twice—time-integrated 
active force couple at the earthquake source, a 
quantity that can be interpreted as the product 
of sliding mass and sliding distance (2, 8). All 
events have long-period seismic magnitudes in 
the range 4.6 to 5.1, corresponding to a product 
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of sliding mass and sliding distance of 0.1 to 
2.0 x 10'4 kg m. The locations resulting from 
our seismogram modeling have an uncertainty 
of approximately 20 km. All 136 earthquakes 
analyzed can be spatially associated with ma- 
jor outlet glaciers of the Greenland Ice Sheet 
(Fig. 1). 

We investigate the seasonality of the glacial 
earthquakes by counting the number of events 
occurring in each month over the 12-year period 
1993 to 2004. Greenland earthquakes occur in 
each month of the year but are more frequent 
during the late summer months (Fig. 2A). Sea- 
sonal variations in background seismic noise, 
with higher noise levels during winter months, 
may influence the detection of seismic events. 
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Fig. 1. Topographic map of southern Greenland 
and vicinity. The locations of 136 glacial earth- 
quakes defining seven groups are indicated with 
red circles: DJG, Daugaard Jensen Glacier (5 
events); KG, Kangerdlugssuaq Glacier (61); HG, 
Helheim Glacier (26); SG, southeast Greenland 
glaciers (6); JI, Jakobshavn Isbrae (11); RI, Rinks 
Isbrae (10); NG, northwest Greenland glaciers 
(17). Owing to the tight clustering of the earth- 
quakes, many of the individual symbols on the 
map overlap. 


Fig. 2. (A) Histogram No. 
showing seasonality of 
glacial earthquakes on 
Greenland. Green bars 
show the number of 
detected Greenland 
glacial earthquakes in 
each month during the 
period 1993 to 2004. 
Gray bars show the 
number of earthquakes 
of similar magnitude 
detected elsewhere 
north of 45°N during 
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A control group consisting of standard (non- 
glacial) earthquakes located north of 45°N, 
detected by the same method and in the same 
magnitude range as the glacial earthquakes (4.6 
to 5.1), displays no seasonality, indicating that 
variations in the detection threshold are not the 
cause of the observed behavior (9, 70). Summer 
surface melting followed by transport of melt- 
water to the glacier base and the consequent 
lowering of the effective friction at the base 
provide a plausible explanation for the sea- 
sonal signal (//7, 12). However, the occurrence of 
events during the coldest months of the year 
suggests that the influx of water accelerates the 
events rather than controls them. 

Summer melting of the Greenland Ice Sheet 
has become more widespread during the past 
decade (/3), and many outlet glaciers have 
thinned, retreated, and accelerated during the 
same time period (/4-19). We investigate 
temporal changes in the frequency of Green- 
land glacial earthquakes by counting events for 
each year since 1993 (Fig. 2B). Detections for 
2005 are for January to October and are based 
on the subset of seismic data available in near- 
real time. A clear increase in the number of 
events is seen starting in 2002. To date in 2005, 
twice as many events have been detected as in 
any year before 2002. The control group of 
detected events was used to determine whether 
an improvement in the detection capability of 
the seismic network could explain the observed 
increase (9). No clear trend is seen in the 
number of control events detected, indicating 
that the observed increase in the number of 
glacial earthquakes is real. 

Recent evidence suggests that ice sheets and 
their outlet glaciers can respond very quickly to 
changes in climate, primarily through dynam- 
ic mechanisms affecting glacier flow (/2, 15). The 
seasonal signal and temporal increase apparent 
in our results are consistent with a dynamic 
response to climate warming driven by an in- 
crease in surface melting and the supply of 
meltwater to the glacier base. The number of 
events detected at each outlet glacier using the 
global seismic network is relatively small, and 
it is therefore difficult to draw robust conclu- 
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sions about behavior at any single glacier. 
However, both the seasonal and temporal pat- 
terns reported here are observed for indepen- 
dent subsets of the data corresponding to east 
and west Greenland. The increase in number of 
glacial earthquakes over time thus appears to be 
a response to large-scale processes affecting the 
entire ice sheet. We note also that a part of the 
increase in the number of glacial earthquakes in 
west Greenland is due to the occurrence of 
more than two dozen of these earthquakes in 
2000 to 2005 at the northwest Greenland gla- 
ciers, where only one event (in 1995) had pre- 
viously been observed. 

Understanding the mechanisms of the dy- 
namic response of ice sheets to climate change is 
important in part because ice-sheet behavior 
itself affects global climate, through, for exam- 
ple, the modulation of freshwater input to the 
oceans (20). Glacial earthquakes represent one 
mechanism for the dynamic thinning of out- 
let glaciers, providing for the transport of a 
large mass of ice a distance of several meters 
(e.g., 10 km? by 10 m) over a duration of 30 
to 60 s. Although the mechanics of sudden 
sliding motions at the glacier base are not 
known, the seasonal and temporal patterns 
reported here suggest that the glacial earth- 
quakes may serve as a marker of ice-sheet 
response to external forcing. Continuous mon- 
itoring of ice velocity at outlet glaciers, along 
with regional seismic monitoring, would pro- 
vide important insight into the nature of the 
dynamic response of ice sheets to changes in 
climate. 
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The Preparation and Structures of 
Hydrogen Ordered Phases of Ice 


Christoph G. Salzmann,”2* Paolo G. Radaelli,** Andreas Hallbrucker,? 


Erwin Mayer,” John L. Finney* 


Two hydrogen ordered phases of ice were prepared by cooling the hydrogen disordered ices V and 
XII under pressure. Previous attempts to unlock the geometrical frustration in hydrogen-bonded 
structures have focused on doping with potassium hydroxide and have had success in partially 
increasing the hydrogen ordering in hexagonal ice | (ice Ih). By doping ices V and XII with 
hydrochloric acid, we have prepared ice XIII and ice XIV, and we analyzed their structures by powder 
neutron diffraction. The use of hydrogen chloride to release geometrical frustration opens up the 
possibility of completing the phase diagram of ice. 


ater molecules in all of the 12 known 

WV crystalline phases (Fig. 1) are tetra- 
hedrally hydrogen bonded to four 
neighbors. A consequence of this connectivity 
is that individual water molecules may adopt, 
in principle, six different orientations. In ice 
structures, the Bernal Fowler rules (/, 2) require 
that one hydrogen atom participates in each 
hydrogen bond. Therefore, the orientation of a 
given molecule is restricted by its local envi- 
ronment and cannot rotate to another hydrogen- 
bonded orientation without its neighbors also 
reorienting. In spite of these restrictions, a very 
large number of nearly degenerate molecular 
configurations, which are all related to each 
other by cooperative reorientation, exist near 
the true ground state. This is a consequence of 
the inherent geometrical frustration of the ice 
lattice, a particularly interesting aspect of these 
hydrogen-bonded systems that is relevant for 
other geometrically frustrated systems such as 
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protein folding and neural networks (3, 4). Fur- 
thermore, there are important parallels with 
frustrated magnetic systems (5), which them- 
selves have been called “spin ices.” 

At high temperatures, water ices can explore 
their configurational manifold thanks to the 
presence of mobile point defects, which locally 
lift the constraints of the geometrical frustration 
(6-8). The two types of thermally induced point 
defects uniquely found in ices are rotational 
defects, in which either two (D defect) or no 
hydrogen atoms (L defect) are found between 
neighboring oxygen atoms, and ionic defects 
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(H,O* and OH) (6). These defects can mi- 
grate along chains of molecules through the 
crystal structure leaving reoriented molecules 
behind them, thus providing the mechanism for 
collective reorientation in ice. The molecular 
orientations found in the high-temperature, 
liquidus phases of ice (IA, II, IV, V, VI, VII, 
and XII) are more or less random, so that the 
space-time averaged structure of those phases is 
hydrogen disordered (6, 7, 9, 10). As the tem- 
perature is lowered, the tendency to occupy the 
energetically most favored orientations increases. 
However, for most phases, this ordering process 
is hampered by the decreasing number density 
and mobility of the point defects. Except for 
disordered ices III and VII, intrinsic point defects 
are not sufficient to facilitate phase transitions 
from the hydrogen disordered phases, includ- 
ing ice V (7, 9, 11-13) or ice XII (0, 14, 15), 
to their energetic (hydrogen ordered) ground- 
state phases. Instead, ergodicity is lost before 
the long-range ordering transition, and the 
hydrogen disordered structures are frozen-in. 
For this reason, the hydrogen ordered ground 
states of ices V and XII remain undiscovered 
so far. 

Point defects can also be introduced by 
doping ices with impurities. However, the ef- 
fectiveness of each particular dopant to pre- 


Fig. 1. The phase diagram of ice, in- 
cluding liquidus lines of metastable ices IV 
and XII (long dashed lines) and extrap- 
olated equilibria lines at low temper- 
atures (short dashed lines). The pathways of 
preparation of DCl-doped ices V and XII are 
indicated by arrows. Ice V was produced by 
isobarically heating ice Ih to 250 K at 0.5 
GPa. Pure ice XII was crystallized from high- 
density amorphous ice by isobaric heating 
at 1.2 GPa at 11 K min! to 190 K, which 
is 10 K below the temperature where 
transition to more stable ice VI would occur. 
Both ice V and ice XII can be handled at 
ambient pressure up to temperatures of 
~150 K, where conversion to cubic ice Ic 
occurs (19, 20). 


Temperature ( 
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serve ergodicity is poorly understood, because 
it depends on the number density of the created 
defects (hence on the solubility of a dopant in 
ice), on the mobility of the defects, and on 
defect-defect interactions (6). 

Ordering of ice If to ice XI has been par- 
tially achieved through KOH (potassium hy- 
droxide) doping (6). This is thought to create 
extrinsic L and OH defects (6), and was also 
studied calorimetrically (17) and spectroscopi- 
cally (78) for ice V. Handa and co-workers (/7) 
observed that an endothermic peak on heating 
ice V could be intensified by KOH doping. This 
transition was discussed, therefore, in terms of a 
hydrogen order-disorder transition. However, 
hydrogen ordering could not be confirmed by 
Raman spectroscopy (/8). Similar endothermic 
events were also found for undoped ice XII 
(19, 20). Doping experiments for ice XII have 
not been reported so far. 

Reasoning that the L and OH defects ex- 
pected from KOH doping are unable to promote 
hydrogen ordering in ice V, we explored the 
effect of HCl (hydrochloric acid) doping, which 
is thought to produce L and H,O* defects (6). 
Doped ice V samples were prepared by freezing 
0.01 mol L~! solutions of HCI or KOH in H,O, 
or DCI or KOD in D,O, in a piston-cylinder 
apparatus precooled to 77 K and then by heating 
the frozen ice isobarically at 0.5 GPa to 250 K 
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Fig. 2. (A) Raman spectra of the decoupled O-D 
stretching transitions of KOH- (1) and HCI- (2) 
doped ice V samples recorded at 80 K in vacuum. 
(B) Change of lattice constant a from powder 
neutron diffraction during heating and cooling of 
a KOD-doped ice V sample (triangles) measured on 
the D2B instrument at ILL, and heating (circles) 
and cooling (diamonds) of a DCl-doped ice V sam- 
ple measured on the General Materials Diffrac- 
tometer (GEM) at ISIS. The sequence of heating 
and cooling (~0.2 K min~+) is indicated by num- 
bered arrows. Solid lines are guides to the eye. 


SCIENCE VOL 311 


(Fig. 1). For Raman spectroscopy, 5 weight per- 
cent D,O was added to the initial H,O solution. 
Thereafter, the samples were cooled from 250 K 
at 0.8 K min~! to 77 K, decompressed, and re- 
covered under liquid nitrogen. The transition to 
ice II on cooling was not observed at 0.5 GPa, 
which is in agreement with (7). 

The samples were characterized first by Ra- 
man spectroscopy. Figure 2A shows the spectral 
region of the decoupled O-D stretching tran- 
sitions, which result from HDO molecules in a 
dilute solution in an H,O crystal. The observed 
spectra give information on different molecular 
environments in an H,O crystal (2/). For ex- 
ample, the full width at half height of the band 
for a decoupled O-D stretching transition in hy- 


Intensity (arbitrary units) 


2.0 
d-spacing (A) 


25 3.0 


Fig. 3. Observed, calculated, and difference 
profiles for the observed phases of ice at 80 K and 
ambient pressure. The structures were refined using 
the GSAS program (24). Linear constraints and 
chemical composition restraints were applied to 
maintain stoichiometry of the water molecules. 
Data were recorded on the GEM diffractometer at 
ISIS. Data for hydrogen ordered ice V (ice XIII) are 
shown in the upper plot (least squares refinement 
R,) = 0.0297, R, = 0.0347), and data for hydro- 
gen ordered ice XII (ice XIV) are shown in the lower 
plot (Ry, = 0.0366, R, = 0.0374). Tick marks 
indicate the positions of the Bragg peaks. For ice 
XIV, the lower tick marks represent a small ice IV 
impurity. Both plots show magnifications of regions 
where new reflections (ice XIII) or peak splitting (ice 
XIV) were observed for the ordered phases (blue). 
The diffractograms of the corresponding disordered 
phases, which were obtained on heating to 130 K 
(ice V) or 118 K (ice XII), are shown in red. Unit cell 
projections of the refined structures are shown in 
both plots. Oxygen and deuterium atoms are drawn 
in red and gray, respectively. Deuterium positions in 
ice XIV still containing some disorder are depicted 
in blue. Covalent and hydrogen bonds are indicated 
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drogen ordered H,O ice II is only ~5 cm™', but 
it is ~30 cm! in hydrogen disordered ice I (22). 
Spectra 1 and 2 (Fig. 2A) show the decoupled 
O-D stretching transitions of KOH- and HCI- 
doped ice V samples, respectively. The former 
shows the typical broad features of disordered 
ice V (12, 18). However, substantial sharpen- 
ing of the features can be seen in spectrum 2, 
and at least six distinct peaks become observ- 
able, indicating considerable hydrogen ordering 
in the HCl-doped phase. 

Doped D,O ice V samples were subsequently 
analyzed by powder neutron diffraction. Figure 
2B shows the changes of the lattice constant a 
as a function of temperature at ambient pres- 
sure. This quantity was found to be a very sen- 
sitive indicator of changes in hydrogen order. 
Upon heating the DCl-doped sample, a step- 
wise contraction of the lattice parameter a was 
observed between ~110 and ~120 K. The 
reversibility of this transition was observed by 
cooling back to 80 K at ~0.2 K min™! and by 
an additional heating/cooling cycle. Slow cool- 
ing at ambient pressure seemed to enhance the 
ordering process, as demonstrated by a further 
increase of the lattice parameter a observed on 
cooling (Fig. 2B). 

Space group symmetry reduction and thus 
formation of a different phase upon cooling is 
indicated by the appearance of the (31-2) (Fig. 
3, inset) and (110) reflections in the neutron 
powder pattern. The highest symmetry space 
group that meets the observed reflection condi- 
tions is monoclinic P2,/a, which is a subgroup 
of the ice V space group (42/a). [P2,/a was 
previously proposed by Kamb and La Placa for 
ordered ice V in an abstract (23), but their data 
were never published.] The structural parameters 
of ordered ice V were refined by using the 
General Structure Analysis System (GSAS) 
program (24), by using the values for disordered 
ice V as a starting point. The refinement of the 
ordered structure after slow cooling at ambient 
pressure (Fig. 2B) revealed the formation of 
highly ordered molecules as the refined occu- 
pation probabilities of the deuterium positions 
converged within the errors to either 0 or 1 
(Table 1). The unit cell of this hydrogen ordered 
phase is shown as an inset in Fig. 3. It comprises 
28 molecules with 7 crystallographically distinct 
oxygen atoms (Table 1). This makes the P2,/a 
structure even more complicated than ice V and 
thus the most complicated structure among the 
known crystalline phases of ice. 

In contrast with the DCl-doped sample, nei- 
ther cooling under pressure from 250 to 80 K nor 
cooling at ambient pressure from 130 to 80 K at 
0.2 K min~! of the KOD-doped ice V sample 
led to new reflections. Furthermore, heating and 
cooling at ambient pressure induced no substan- 
tial changes in the lattice constant (Fig. 2B), and 
all collected data could be refined using the 
disordered structural model of ice V. However, 
we could reproduce the endothermic features 
observed by Handa and co-workers for KOH- 
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Table 1. Fractional coordinates and isotropic atomic-displacement parameters (U,..) for ice XIII (80 K 
and ambient pressure). Numbers in parentheses are statistical errors of the last significant digit. 
Deuterium positions with refined fractional occupancies <0.1 are omitted from the table. The 
spacegroup is P2,/a and the unit cell parameters are as follows: a = 9.2417(1) A, b = 7.4724(1) A, c= 
10.2970(1) A, B = 109.6873(9)°. Data were collected after cooling the sample at ~0.2 K min~? from 


130 to 80 K at ambient pressure. All atoms lie on general positions (multiplicity = 4). 


x y Z U,,.*100 Occupancies 
01 0.2541(6) 0.5629(5) 0.2517(5) 0.41(3) 1.0000 
02 0.4771(6) 0.7992(5) 0.4089(5) 0.41(3) 1.0000 
03 0.0503(6) 0.8082(6) 0.0941(5) 0.41(3) 1.0000 
04 0.2613(5) 0.4045(6) 0.4992(5) 0.41(3) 1.0000 
05 0.2113(4) 0.4029(5) 0.0034(5) 0.41(3) 1.0000 
06 0.4147(5) 0.1103(7) 0.2336(4) 0.41(3) 1.0000 
07 0.1245(5) 0.1142(6) 0.2643(4) 0.41(3) 1.0000 
D8 0.3444(4) 0.6427(5) 0.3008(3) 1.01(3) 0.991(6) 
D10 0.2458(5) 0.4942(5) 0.3299(5) 1.01(3) 0.943(5) 
D13 0.1074(4) 0.7187(5) 0.1563(4) 1.01(3) 0.952(6) 
D16 0.4820(4) 0.9075(5) 0.3558(4) 1.01(3) 0.968(6) 
D18 0.5763(5) 0.7499(5) 0.4437(4) 1.01(3) 0.974(7) 
D19 0.9486(5) 0.7508(5) 0.0478(4) 1.01(3) 1.037(5) 
D21 0.2372(3) 0.4543(5) 0.0989(4) 1.01(3) 1.015(6) 
D24 0.3043(4) 0.4904(6) 0.5777(4) 1.01(3) 0.896(5) 
D26 0.1708(4) 0.3555(6) 0.5137(4) 1.01(3) 1.015(5) 
D27 0.3072(4) 0.3737(6) 0.9904(3) 1.01(3) 1.014(5) 
D29 0.0781(4) 0.0194(6) 0.1989(4) 1.01(3) 0.938(5) 
D30 0.3250(5) 0.1374(5) 0.2554(5) 1.01(3) 0.916(6) 
D32 0.3823(5) 0.0496(6) 0.1467(5) 1.01(3) 0.920(6) 
D35 0.0509(4) 0.2082(6) 0.2548(5) 1.01(3) 0.911(7) 


Table 2. Fractional coordinates and isotropic atomic-displacement parameters (U,..) for ice XIV (80 K 
and ambient pressure). Numbers in parentheses are statistical errors of the last significant digit. 
Deuterium positions with refined fractional occupancies <0.1 are omitted from the table. The 
spacegroup is P212,2, and the unit cell parameters are as follows: a = 8.3499(2) A, b = 8.1391(2) A, 
c = 4.0825(1) A. Data were collected after cooling the sample at ~0.8 K min“? from 180 to 80 K at 


1.2 GPa. Fractional occupancies of ordered deuterium positions were fixed during the refinement. All 


atoms lie on general positions (multiplicity = 4). 


x y 4 U,,,*100 Occupancies 
01 0.0059(3) 0.2568(5) 0.1304(7) 1.53(2) 1.0000 
02 0.6308(3) —0.0078(3) 0.2485(7) 1.53(2) 1.0000 
03 0.2525(4) 0.8858(3) 0.0063(6) 1.53(2) 1.0000 
D4 0.0557(7) 0.3284(7) 0.9845(1) 2.03(1) 0.407(3) 
D5 0.5275(5) 0.8410(4) 0.4684(1) 2.03(1) 0.620(4) 
D6 0.0920(2) 0.2056(3) 0.2671(6) 2.03(1) 1.0000 
D9 0.7895(3) 0.9679(3) 0.8954(7) 2.03(1) 1.0000 
D11 0.7340(3) 0.4630(3) 0.3225(6) 2.03(1) 1.0000 
D12 0.4111(4) 0.5790(5) 0.3625(1) 2.03(1) 0.593(3) 
D13 0.9018(8) 0.1018(7) 0.8552(2) 2.03(1) 0.380(4) 
D15 0.8472(3) 0.3248(3) 0.4010(6) 2.03(1) 1.0000 


doped ice V samples (17). According to diffrac- 
tion and spectroscopic data given here and in 
(18), we conclude that that these calorimetric 
features are not caused by a phase transition 
from ordered ice V. KOH doping was thus con- 
firmed to be ineffective in promoting hydrogen 
ordering in ice V. 

DCl-doped D,O ice XII samples were pre- 
pared by following a procedure described in 
(25). First, high-density amorphous ice (HDA) 
was prepared by compression of ice Ih doped 
with 0.01 mol L~! DCI at 77 K (26). HDA was 
then heated isobarically starting from 77 K at 1.2 
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GPa at ~11 K min“! to crystallize pure ice XII 
(Fig. 1) (25). After cooling from 180 to 77 K at 
0.8 K min~!, the sample was decompressed, re- 
covered in liquid nitrogen, and characterized at 
80 K by powder neutron diffraction. 

Again, hydrogen ordering was indicated by 
changes in the lattice constants: A transition from 
tetragonal ice XII (a = 5) to an orthorhombic 
phase (a # b) could be observed and is visualized 
most clearly by the splitting of the tetragonal 
(310) reflection to (130) and (310) orthorhombic 
reflections (Fig. 3, inset). The highest symmetry 
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served reflection conditions is P2,2,2,, which 
is a subgroup of the ice XII spacegroup (/42d). 
The unit cell of ordered ice XII, which contains 
12 water molecules with three crystallographi- 
cally distinct oxygen atoms (Table 2), is shown 
in Fig. 3. Hydrogen positions still containing 
some residual disorder are drawn in blue. The 
structural refinement shows the possible exis- 
tence of a strain effect in the sample, which may 
prevent the sample from becoming completely 
ordered in a similar manner to the transition of 
ice Th to ice XI (27). 

The generally accepted view for the naming 
of phases of ice is that Roman numeral labels 
should only be given for experimentally estab- 
lished crystalline phases, with crystallographic 
or at least spectroscopic evidence (6, 10). Con- 
sequently, we label the reported ordered phases 
ice XIII for ordered ice V and ice XIV for or- 
dered ice XII, in chronological accordance with 
their dates of discovery. 

Hydrogen ordered ices XIII and XIV rep- 
resent the lowest energy structures at low 
temperatures for their given oxygen positions. 
We believe that strain prevents ice XIV from 
becoming completely ordered, and therefore the 
fully ordered structure would be described by 
rounding the less ordered occupancies to 1 or 0, 
respectively (Table 2). The fully ordered con- 
figuration found for ice XIII is one out of 70 
possibilities allowed by symmetry of the space 
group and stoichiometry of the H,O molecule. 
It would be a challenging test of the ability of 
modern day computational methods to repro- 
duce our experimentally found lowest energy 
state. This would provide a critical test for cur- 
rent water potentials widely used in computa- 
tional chemistry and structural biology. 
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Structure of Tracheal Cytotoxin in 
Complex with a Heterodimeric 
Pattern-Recognition Receptor 
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Tracheal cytotoxin (TCT), a naturally occurring fragment of Gram-negative peptidoglycan, is a 
potent elicitor of innate immune responses in Drosophila. |t induces the heterodimerization 

of its recognition receptors, the peptidoglycan recognition proteins (PGRPs) LCa and LCx, which 
activates the immune deficiency pathway. The crystal structure at 2.1 angstrom resolution of TCT in 
complex with the ectodomains of PGRP-LCa and PGRP-LCx shows that TCT is bound to and 
presented by the LCx ectodomain for recognition by the LCa ectodomain; the latter lacks a 
canonical peptidoglycan-docking groove conserved in other PGRPs. The interface, revealed in 
atomic detail, between TCT and the receptor complex highlights the importance of the 
anhydro-containing disaccharide in bridging the two ectodomains together and the critical 

role of diaminopimelic acid as the specificity determinant for PGRP interaction. 


he innate immune system in multicel- 
Tine animals has developed to discrim- 

inate infectious nonself from noninfectious 
self. Central to this first line of host defense 
against microbial infections are pattern-recognition 
receptors (PRRs), which recognize unique 
structures of conserved components found in 
pathogens but not in the host (/). In Drosoph- 
ila, several PRRs responsible for detecting 
bacterial infections belong to the family of 
peptidoglycan recognition proteins (PGRPs), 
which contain a conserved PGRP domain struc- 
turally similar to the bacteriophage T7 lyso- 
zyme (2). Peptidoglycan (PG) is one of the 
pathogen-associated components found only 
in bacteria but not in eukaryotes and is ex- 
ploited by the innate immune system as the 
signature of microbial nonself. Polymeric PG is 
composed of repeating units of muropeptide 
composed of disaccharide N-acetyl glucosaminyl 
(GleNAc)-N-acetylmuramic acid (MurNAc) 
linked to a stem peptide of p- and L- (or meso-) 
amino acids, where the third amino acid is 
mostly lysine in Gram-positive bacteria and 
diaminopimelic acid (DAP) in Gram-negative 
bacteria. 
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DAP-type PG induces innate immune re- 
sponses in Drosophila by activating the immune 
deficiency pathway (3-5). A naturally occurring 
fragment of DAP-type PG, known as tracheal 
cytotoxin (TCT; GlcNAc-1,6-anhydro-MurNAc- 
L-Ala-y-b-Glu-meso-DAP-p-Ala), strongly acti- 
vates the immune deficiency pathway, and its 
recognition requires PGRP-LCa and -LCx (3, 5), 
which are generated by alternative splicing from 
the PGRP-LC gene (6). PGRP-LCa and -LCx 
contain identical cytoplasmic and transmembrane 
domains but distinct PGRP-like ectodomains (6). 
TCT is found in cells of most Gram-negative 
bacteria because this cell-wall fragment (muro- 
peptide) is constantly released from PG during 
the remodeling of the polymer that occurs dur- 
ing cell growth and division and is then re- 
cycled and its sugar and peptide components 
reincorporated back into PG (7). TCT, which is 
released from growing cells of Bordetella, is a 
virulence factor responsible for epithelial cyto- 
pathology associated with pertussis infection 
(8). TCT binds directly to the ectodomain of 
PGRP-LCx but not to PGRP-LCa; however, 
TCT induces heterodimerization of the LCa 
and LCx ectodomains (9, /0). TCT requires its 
unique GleNAc-MurNAc(anhydro) moiety for 
optimal immunestimulatory activity (3, 5). Re- 
cently, the structure of the LCa ectodomain was 
shown to explain its lack of TCT-binding ability 
by revealing an obstructed PG-docking groove, 
which has led to a model of TCT recognition by 
the PGRP-LCa/LCx complex (9). In this mod- 
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muropeptide-docking interaction, as observed 
in the structure of PGRP-IaC in complex with a 
synthetic PG subunit analog (//). Next, PGRP- 
LCa recognizes the exposed structural features of 
TCT while the latter is bound to the LCx ecto- 
domain. This model explains how TCT brings 
PGRP-LCa and -LCx receptors in close vicinity, 
allowing their cytoplasmic domains to dimerize 
for receptor activation (12). The confirmation 
of this model, however, requires structural de- 
termination of TCT bound to the PGRP-LCa 
and -LCx complex. 

We expressed the LCa and LCx ectodomains 
in Hi-5 cells and purified the two fragments as 
described (13). TCT was purified from Esche- 
richia coli as described previously (5). The three 
components were mixed at a molar ratio of 1:1:6 
(LCa:LCx:TCT) before crystallization screening. 
Crystals with the symmetry of space group 
P2,2;2, (a = 41.123 A, b = 79.695 A, c = 
114.389 A) were grown from a mother liquor 
containing 20% polyethylene glycol 1500, 5% 
ethylene glycol, and 100 mM phosphate-citrate 
at pH 4.2. The structure of LCa-TCT-LCx 
complex was determined by molecular replace- 
ment with coordinates of the LCa ectodomain 
and PGRP-SA as search models (9, 14). The fi- 
nal model contains all 64 nonhydrogen atoms of 
TCT, residues Asp?>* to the C-terminal residue 
Ser°?° of PGRP-LCa and residues Met?3* to 
Glu*”? of PGRP-LCx, with 198 solvent mole- 
cules; as well as N-linked glycans to the LCa 
residues Asn38? and Asn°!5 (see table S1 for 
crystallographic data and refinement statistics). 

Both PGRP-LCx and PGRP-LCa are type II 
membrane proteins with N-terminal cytoplas- 
mic and C-terminal ectodomains. Both the LCx 
and LCa ectodomains contain a central five- 
stranded 6 sheet flanked by five major helices 
(Fig. 1, A and B). However, unlike PGRP-LC, 
whose surface groove is obstructed by two 
LCa-specific helical insertions and cannot 
bind TCT (9), the LCx ectodomain possesses 
a typical PG-docking groove found in other 
PGRPs (JJ, 14-17). In the complex, TCT binds 
into the docking groove on LCx and makes 
intimate contacts with the groove-lining res- 
idues (Fig. 1C), so that one side of TCT is 
buried within the docking groove. The TCT- 
loaded LCx ectodomain buries a total surface 
of 1326 A2, consistent with their nanomolar 
affinity (/8). The GleNAc-MurNAc(anhydro) 
moiety of bound TCT, the B1-H2 loop and the 
H2 helix of the docking groove, as well as the 
H3-B4 loop of LCx together form the rec- 
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Fig. 1. The structure of TCT bound to the ectodomains of PGRP-LCa and PGRP-LCx. 
(A) Ribbon diagram showing the front view of the LCx ectodomain and bound TCT 
in stick representation. (B) The LCa-TCT-LCx complex viewed parallel to the 
membrane surface. The LCa and LCx ectodomains are in blue and green ribbon 
models, respectively. The membrane linkers have been modeled as dashed coils. (C) 
The ternary complex as viewed from extracellular space toward the cell membrane. 
The surface complementarity between the LCx ectodomain (in green molecular 
surface) and TCT is shown in a space-filling representation. The complexed LCa 


ectodomain is shown as the blue ribbon model. 


MurNAc(anhydro) 


Fig. 2. TCT in the crystal and its recognition residues in the LCa and LCx 
ectodomains. (A) F, — F, difference-Fourier omit map of TCT at 2.1 A 
resolution displayed in green mesh at 2.0o level. (B) Aligned sequences of 
the LCx (green) and LCa (blue) ectodomains highlight the TCT-interacting 
residues in red. The LCx residues contacting the LCa ectodomain are shaded 
in blue; the LCa residues that interact with the LCx ectodomain are shaded in 


ognition surface of 685 A? for PGRP-LCa and 
interact with LCa residues from the H1 helix, 
the H1-B1 loop, and the H2 helix (Fig. 1, B and 
C). The groove region and the N-linked glycans 
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of the LCa ectodomain are not involved in in- 
teraction with TCT and PGRP-LCx. No con- 
formational change is induced in the LCa 
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LCx 

LCa DIAYNFLIGGDGNVYVGRGWNKMGAHMNNINYDSQSLSFAYIGSFKTIQPSAKQLSVTRL 474 
LCx LLQEGVRLKKLTTNYRLYGHRQLEREEE- -PGEELYKIIKKWPHWSHEI 500 
LCa LLERGVKLGKIAPSYRFTASSKLMPSVTDFKADALYASFANWTHWS 520 


green. LCa-specific insertion residues are underlined. Secondary-structure 
elements in the LCx ectodomain are indicated above the alignment. The 
disulfide-linked Cys residues are boxed in yellow. Abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; V, Val; W, Trp; and Y, Tyr. 


deviation (RMSD) of the Ca positions of the 
complexed and uncomplexed structures after 
superposition is 0.42 A. Also, no major confor- 
mational change is expected in the LCx 
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ectodomain upon TCT binding; the overall 
structure of TCT-docked LCx is comparable to 
that of PGRP-SA, with an RMSD of 0.84 A. 
The entire TCT is well ordered in the complex 
crystal (Fig. 2A). The PG-docking groove of 
LCx exhibits a high degree of shape comple- 
mentarity to TCT and accommodates the ligand 
in its low-energy extended conformation. TCT 
makes van der Waals contacts throughout its 
elongated stem peptide chain with the docking- 
groove residues. The TCT-contacting residues of 
LCx are concentrated in the two sequence re- 
gions where insertions occur in LCa (Fig. 2B) 
(9). The TCT-LCx interaction is further stabi- 
lized by 25 strategic hydrogen bonds (Fig. 3 and 
table S2). In the structure, the pyranose ring of 
MurNAc, adopting an envelope conformation 
due to an anhydro bond (Fig. 2A), is cradled by 
the LCx groove base formed by Thr?°/x and 
Ala?°7/x. The carbonyl group of 2-acetamide and 
the equatorial 3-OH of GlcNAc, in the chair 


Fig. 3. Interaction of 
TCT with the PG-docking 
groove in the LCx ectodo- 
main. TCT is shown as pink 
sticks, and the LCx ectodo- 
main is in ribbon repre- 
sentation with side chains 
of the TCT-interacting res- 
idues shown as green 
sticks. Hydrogen-bonding 
interactions are shown in 
yellow and listed in table 
S2. Water molecules are 
shown as red spheres. 
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Fig. 4. The LCa ectodomain interface for GlcCNAc-MurNAc(anhydro) moiety of 
TCT and the LCx ectodomain. (A) Interaction of the disaccharide moiety 


form, contact the imidazole ring of His**/x and 
the backbone amide of Glu*®°/x, respectively 
(Fig. 3). GlcNAc appears to dock loosely to the 
LCx groove with its pyranose ring partially 
protruding into the solvent space. However, the 
GlcNAc ring is tethered to the lactyl group of 
MurNAc and the carbonyl group of p-Glu in 
TCT, as well as to Ser*’7/x, Ala*78/x, and 
Thr*79/x, through an extensive network of 
hydrogen bonds involving three water molecules 
(Fig. 3). 

All PGs from bacteria contain the same car- 
bohydrate backbone; however, dependent upon 
bacterial species, the stem peptides that linked to 
MurNAc vary in the composition and modifica- 
tion of the amino acid in the third position. In 
most Gram-positive bacteria, the third amino acid 
is Lys; in most Gram-negative bacteria, the third 
residue is meso-DAP. It was suggested that the 
third amino acid of the PG stem peptide is the 
specificity determinant for recognition by PGRPs 
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(4). meso-DAP differs from Lys only by the 
presence of a carboxyl group on the Ce with 
p-chirality. In the structure, the carboxyl group of 
meso-DAP is the only residue recognized by an 
electrostatic interaction; it forms a bidentate salt 
bridge with the guanidinium group of Arg*!?/x 
and hydrogen bonds to the main-chain amide of 
Asp9°/x (Fig. 3); these two residues and Trp?%4/x 
form a binding pocket for the DAP group. 
Furthermore, because the groove that accommo- 
dates DAP is guarded by three solvent-exposed 
basic residues Arg?49/x, Lys*?3/x, and Arg*?7/x 
(not shown), a lysine in a monomeric PG ligand 
would strongly destabilize docking interaction. 
However, it should be noted that the ¢-amino 
group of Lys in polymeric PG will not retain a 
basic charge if a cross bridge linking this amino 
group to the carboxyl group of p-Ala of another 
stem peptide via the pentaglycine linker is 
present. Mellroth and colleagues have observed 
binding of PGRP-LCx toward both polymeric 
Lys- and DAP-type PGs in vitro (/0). The res- 
idue corresponding to Arg*!?/x in PGRP-SA is a 
threonine. The absence of positively charged 
residues in PGRP-SA in this region is consistent 
with its preferred binding to Lys-type PG. 

It has been shown that the disaccharide moiety 
and the 1,6-anhydro bond of MurNAc are required 
for the stimulatory activity (3, 5). In the complex 
structure, the GlcNAc and MurNAc(anhydro) of 
TCT bridge together the LCa and LCx ectodo- 
mains (Fig. 4A). The formation of 1,6-anhydro 
bond in MurNAc creates a unique diozolane ring 
that makes van der Waals contacts with side 
chains of Leu*®?/a, Arg*°'/a, and Thr*>/a from 
LCa, where the folded Arg*®! side chain is 
stabilized by hydrogen bonding to Gln?/a and 
to ring OS of MurNAc(anhydro) (Fig. 4A). In 
addition, the 3-OH of GlcNAc pyranose and 
2-acetamide NH make hydrogen bonds to the side 
chain of Glu*°%/a, and to Gln?/a and Thr*°5/a 
via a water molecule. Several residues from the 
LCx ectodomain also form part of the LCa 
interaction surface (Figs. 2B and 4A). Notably, 
side chains of Phe387/x and Trp397/x from H2 
helix make hydrophobic contacts with three 
leucine residues from LCa (Leu*®/a, Leu?*/a, 


(B) Superposition of the interface residues in the complexed (blue) and 
uncomplexed (gray; PDB code 1Z61) LCa ectodomains showing induced-fit 
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and Leu*°?/a). Moreover, the side chain of 
Leu*/a is buried within the hydrophobic cleft 
formed by MurNAc(anhydro) from TCT, and 
Ala?68/x, Val?83/x, and Phe?*7/x (Fig. 4A). Most 
of the interface residues in LCa show an induced- 
fit conformational change (Fig. 4B). Likewise, 
the orientations of many side chains of the LCx 
interface residues may also be induced as a result 
of TCT docking. The indole ring of Trp*9/x is 
stacked against the indole ring of Trp3%4/x, which 
in turn stacks against the elongated side chain of 
DAP (Fig. 3); the aromatic ring of Phe*8’/x is in 
intimate van der Waals contact with MurNAc. 
Without bound TCT, both Phe3®7/x and Trp?°?/x 
would not have their side chains oriented properly 
for LCa interaction. This notion is favored by 
previous observation that a lactyl-tetrapeptide 
still retains some stimulatory activity despite the 
lack of a disaccharide moiety (3, 5); presumably, 
the stem peptide alone can bind to the LCx 
docking groove and induce properly oriented 
Trp**?/x through stacking interactions to allow 
heterodimerization. 

In conclusion, the structure of the LCa-TCT- 
LCx complex has revealed the molecular inter- 
action between a naturally occurring PG subunit 
and its PRR complex. The complex structure 
shows that TCT binds to the docking groove of 
LCx primarily through its elongated stem peptide 
and that the bound TCT conformation, which al- 
lows its disaccharide GlcCNAc-MurNAc(anhydro) 
to be presented for LCa interaction, is further 
stabilized by extensive hydrogen bonding. DAP, 


the specificity determinant of TCT, engages a key 
electrostatic interaction with Arg*!?/x. Stacking 
interactions with the DAP side chain and the 
MurNAc ring induce proper orientations of side 
chains of Phe®7/x and Trp?9?/x, which contribute 
part of the TCT-LCx interface for LCa binding 
by induced fit. The present complex structure 
represents the receptor activation step where a 
monomeric PG ligand brings PGRP-LCa and 
-LCx receptors together to allow cytoplasmic do- 
mains to interact for activation of the immune 
deficiency pathway. By contrast, activation of 
this pathway by polymeric PG only requires 
PGRP-LCx, which can be brought to close prox- 
imity by binding to adjacent muropeptide sub- 
units (9, /0). Protein-protein interaction induced 
by monomeric ligand as visualized by the present 
work is likely to serve as the general mechanism 
for pattern recognition for other PGRPs, such as 
PGRP-SA, that play a double role as both a PG 
sensor and a signaling molecule. 

Note added in proof: During the revision 
of this paper, the structure of TCT bound to 
PGRP-LE was reported (/9). 
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The Effect of Oxygen on Biochemical 
Networks and the Evolution of 


Complex Life 


Jason Raymond? and Daniel Segre? 


The evolution of oxygenic photosynthesis and ensuing oxygenation of Earth’s atmosphere represent 
a major transition in the history of life. Although many organisms retreated to anoxic 
environments, others evolved to use oxygen as a high—potential redox couple while concomitantly 
mitigating its toxicity. To understand the changes in biochemistry and enzymology that 
accompanied adaptation to O,, we integrated network analysis with information on enzyme 
evolution to infer how oxygen availability changed the architecture of metabolic networks. Our 
analysis revealed the existence of four discrete groups of networks of increasing complexity, with 
transitions between groups being contingent on the presence of key metabolites, including 
molecular oxygen, which was required for transition into the largest networks. 


ecause the myriad biochemical mecha- 
nisms that modern organisms possess for 
detoxifying reactive oxygen derivatives 


had yet to evolve (/), the introduction of O, 
into an anaerobic biosphere around 2.2 billion 


1Microbial Systems Division, Biosciences Directorate, Law- 
rence Livermore National Laboratory, Livermore, CA 
94550, USA. Bioinformatics Program, Department of 
Biology and Department of Biomedical Engineering, 
Boston University, Boston, MA 02215, USA. 
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years ago must have represented a cataclysm in 
the history of life (2). Strong selection pressure 
on ancient microbes, such as the ancestors of 
modem cyanobacteria that were first respon- 
sible for producing O, via oxygenic photo- 
synthesis, precipitated the development of novel 
enzymes and new pathways. These included 
adaptations that mediated the biotoxicity of O, 
derivatives, including superoxide and hydroxyl 
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sensitivity of many proteins, such as iron-sulfur 
cluster—containing electron shuttles (3). Recent 
evidence suggests that as molecular oxygen be- 
came integral to biochemical pathways, many 
enzymatic reactions central to anoxic metabo- 
lism were effectively replaced in aerobic or- 
ganisms (4). The availability of molecular 
oxygen also made possible a highly exergonic 
respiratory chain based on O, as a terminal 
electron acceptor, an event that is widely held 
to have been closely coincident with, if not req- 
uisite for, the development of complex eu- 
karyotic life (5, 6) and for adaptation to electron 
acceptor—limited terrestrial environments. The 
evolution of cyanobacteria and the ensuing 
oxidation of Earth’s atmosphere left distinct, 
though not entirely congruent, signatures in the 
geological record (7-9) and provide an oppor- 
tunity to understand the evolution of biochem- 
ical pathways by integrating geological clues 
with metabolic network modeling and phyloge- 
netic analysis. By comparing metabolic networks 
attainable under oxic and anoxic conditions, we 
have attempted to elucidate the global metabolic 
reorganization resulting from this major environ- 
mental shift. 

Our primary goal was to determine what effect 
the presence or absence of common biomolecules 
such as O, has on the complexity—the overall 
structure, including size and connectivity—of 
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Fig. 1. The effect of Sd 

various metabolites (leg- b scasihall 
end at right) on the total 3500 
number of reactions in ae 
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bolic networks, as com- 
puted with the network 
expansion algorithm. 
Each point represents 
two consecutively gen- 
erated networks: The 
first network, whose size 
is the abscissa value, is 
generated from a ran- 
domly chosen set of seed 
metabolites, and the sec- 
ond network, whose size 
is the ordinate value, 
is generated from that 
same seed set amended 
with the addition of one 
of the nine metabolites 
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shown in the legend. Points are colored based on the amended metabolite, shown in the legend. All 
networks occupy four broadly similar groups (bold lines and roman numerals) and subgroups (H, higher; 
L, lower) that result from often very different but chemically interconvertible seed sets. Only networks 
that include O, as a metabolite are able to transition into group IV (dashed line), with other transitions 
being determined by the availability of key metabolites. 


Fig. 2. The effect of oxygen on KEGG’s metabolic “backbone” (pictured as a pruned version of the full 
network, with 1861 metabolites and 2652 possible reactions; see SOM for detailed description). Blue 
nodes and edges represent metabolites and reactions, respectively, that are present in anoxic metabolic 
networks. Red nodes and edges are oxic network metabolites and reactions whose presence is contingent 
on oxygen availability either directly or secondarily. Green edges correspond to reactions that are found 
only in the oxic network but use at least one anoxic metabolite, representing replacement or rewiring of 
anoxic pathways to take advantage of oxygen, as in thiamin and B,,, biosynthesis. 


metabolic networks. This process was carried 
out following a heuristic recently developed in 
detail by Ebenhih et a/. (10) and referred to as 
metabolic network expansion, whereby a set of 
pre-specified “seed” compounds are allowed to 
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react according to enzymatic reaction rules, for 
example as enumerated by the KEGG (Kyoto 
Encyclopedia of Genes and Genomes) database 
(/1). As implemented here, a reaction can 
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the seed set. Once all possible reactions have 
been carried out, the products of those reactions 
then join the seed compounds, potentially 
allowing new reactions to occur. This process 
is iterated until convergence: when no new 
products are generated and no new reactions 
are possible (/2) (fig. S1). The network con- 
verged upon is thereby a product of the initial 
seed metabolites and the KEGG reactions that 
are allowed [all KEGG reactions were allowed 
here, although additional constraints can be 
added in the form of selection rules (10); for 
example, based on the phylogenetically inferred 
antiquity of enzymes]. 

Because the KEGG database is a collection of 
data from across known genomes, these metabol- 
ic networks correspond not to the reactions 
tenable within any one organism but to the meta- 
bolic potential of the collective (and currently 
characterized) biosphere that can be thought of as 
a meta-metabolome. The initial pool of seed 
metabolites was determined by two procedures: 
random sampling of metabolites by Monte Carlo 
(MC) simulations and deterministic selection 
from putatively prebiotic compounds [see the sup- 
porting online material (SOM) for detailed in- 
formation]. The current KEGG database (//, 13) 
encompasses 6836 reactions extending across 70 
genomes and involving 5057 distinct compounds. 
O, is among the most-utilized compounds, su- 
perseding biomolecules such as adenosine tri- 
phosphate (ATP) and nicotinamide adenine 
dinucleotide (NAD*) in rank (table S1). O, is 
further distinguished by the steep thermodynamic 
gradient favoring its reduction, resulting in 
oxygen being produced only by a single bio- 
logical reaction: oxygenic photosynthesis. Al- 
though O, does occur as a by-product of some 
biological reactions, such as that of the enzyme 
catalase, those reactions depend ultimately on the 
presence of oxygen, so that they do not result in 
net O, generation. In contrast, based on current 
information about reaction reversibility, most 
compounds are produced in roughly the same 
number of reactions that they are consumed in 
(r2 = 0.926, P < 0.01). 

MC sampling of highly variable seed con- 
ditions and simulation of ~10° networks show 
that all resultant metabolic networks converge 
to just four discrete groups of increasing size 
and connectivity (Fig. 1). These four groups act 
as basins of attraction in network space, con- 
verged on from often completely different and 
limitless (~ 101636 distinct seed sets) initial con- 
ditions, but sharing within each group >95% 
identical reactions and metabolites. Further, the 
networks in smaller groups are largely nested 
within those in larger groups; for example, most 
reactions and metabolites in group II net- 
works are a subset of those in group III and 
IV networks. This coalescence of growing net- 
works into distinct groups is consistent with 
models of hierarchical modularity in meta- 
bolic networks (/4, 75), a consequence of the 
asymmetric distribution of biomolecule con- 
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nectivity (some biomolecules are used in a 
disproportionately large number of reactions), 
the intrinsic reversibility and cyclic nature of 
many biochemical pathways, and gene du- 
plication as a primary mechanism for expand- 
ing complexity (16) (see SOM for further 
discussion). 

Networks simulated in the presence of 
molecular oxygen were able to transition into 
a group (Fig. 1, group IV) unreachable under 
any anoxic conditions explored by MC simu- 
lation. Networks in group IV had as many as 
103 reactions more than those of the largest 
networks achieved in the absence of O,. On 
average, 52% of these additional reactions 
do not explicitly use O,, indicating the pres- 
ence of pathways whose function is contin- 
gent on but does not require molecular oxygen. 
Among these O,-dependent pathways are 
several steps associated with aerobic cobala- 
min synthesis, confirming that this approach 
successfully discovers pathway-level contingen- 
cies not detectable by previous analysis that 
focused on O,-dependent enzymes as proxies 
for O,-dependent pathways (4). Figure S2, A 
to F, indicates that the effect of oxygen on 
biochemical network expansion is robust to 
reaction database modifications, such as the 
characterization and addition of new reactions 
to KEGG (/7). 

Transitions between smaller groups, as well 
as the subsplitting of groups II to IV into “high” 
(H) and “low” (L) clusters (Fig. 1), are deter- 
mined by the availability of biomolecules in- 
volved in the assimilation and cycling of key 
elements and whose essentiality may have 
manifested early in the evolution of metabolism 
(7, 18). For example, sulfur-compound avail- 
ability governs the splitting in each of the three 
larger groups (II to IV). Elemental sulfur is 
required in the synthesis of a broad range of 
compounds, such as the amino acids methio- 
nine and cysteine and, by way of cysteine, co- 
enzyme A (CoA). In turn, CoA is essential to 
organisms across all three domains of life, most 
notably in central carbon cycling and in bio- 
synthesis and metabolism involving a diverse 
range of lipids. Including sulfur in seed net- 
works, by way of a highly utilized “hub” com- 
pound such as sulfide or cysteine, allows group 
II and group III, networks to transition into 
group III,,, as well as the group IV, — IV, 
transition in oxic networks. Other highly con- 
nected compounds, particularly those central to 
cycling fundamental elements such as carbon, 
nitrogen, and phosphorus, appear to be respon- 
sible for the discrete clusters of network sizes, 
as shown for example in Fig. 1 and as recently 
elucidated by Ebenhéh et al. (19). 

Genomic information provides insight into 
how biomolecule availability and use shape 
enzyme content in diverse organisms. To this 
end, two representative networks were seeded 
with or without O, (oxic and anoxic networks, 
respectively), along with a putatively prebiotic 
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set of metabolites, including NH,, HS, CO,, 
and the cofactors pyridoxal phosphate, ATP/ 
ADP, tetrahydrofuran (THF), and NAD*/H. 
The expanded anoxic network (Fig. 2, blue 
links) encompassed 2162 distinct reactions 
involving 1672 metabolites, analogous to a 
group III network. The detection of homologs 
in complete genomes allowed recovery of the 
distribution of enzymes catalyzing these 1672 
reactions in 44 prokaryotic and eukaryotic ge- 
nomes. Clustering organisms by shared pat- 
terns of enzyme distribution (Fig. 3A) reveals 
an overall pattern consistent with ribosomal 
RNA (tRNA)- and genome-based phylogenies. 

The oxic network resulted in a very different 
topology and enzyme distribution (Figs. 2 and 
3B), spanning 3283 total reactions with 2317 
metabolites, which is consistent with a group 
IV network. A common core of reactions was 
shared with the anoxic set, and this core was 
subtracted out to reveal novel and augmented 
pathways, which occur largely at the periphery 
of the network (Fig. 2, red, and table S2). A 
total of 747 reactions and 645 metabolites 
comprised pathways specific to the oxic net- 
work, whereas 273 metabolites were present 
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of reactions with O, available (Fig. 2, green). 
These 273 augmented reactions are an extension 
of those highlighted by (8) as plausible conver- 
gent enzyme replacements: enzymes in anaero- 
bic organisms whose role has been supplanted 
or replaced by O,-dependent enzymes in aer- 
obes. Of the 747 oxic network reactions, only 
359 explicitly used molecular oxygen, con- 
firming that metabolic expansion is not simply 
a result of the invention of O,-dependent 
enzymes but involves the development of novel 
pathways, such as those shown in table S2 and 
the multistep pathways in red in Fig. 2. Al- 
though the total number of reactions and 
metabolites increased by 1.5-fold in the oxic 
network, the density of the network increased 
only slightly, exemplified by a decrease in path 
length between any two metabolites from 4.55 
to 4.22 in the anoxic and oxic networks, re- 
spectively. This suggests that although some 
pathway “rewiring” indeed occurred after O, 
became available, the most prolific change was 
in the evolution of new reactions and pathways, 
making available an entirely new set of metab- 
olites. “Clickable” representations of Fig. 2 and 
oxic/anoxic reaction databases are available 


online at http://prelude.bu.edu/O 
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Fig. 4. Increase in total number of reactions catalyzed by individual genomes after the inclusion of 
O, in a network originally seeded with N,, H,S, CO,, and the cofactors pyridoxal phosphate, ATP/ 
ADP, THF, and NAD+/H. Horizontal bars represent the percent increase in oxic versus anoxic network 
size on a genome-by-genome basis, colored according to the growth mode of the organism (colors 
are consistent with those in Fig. 3). The inset superimposes this data on a species tree for these 
organisms, showing that adaptation to O, has occurred throughout the tree of life. Also shown are the 
three-letter KEGG binomen abbreviations used in the inset and in Fig. 3. Enzymes specific to the oxic 
network expansion observed in strict anaerobes are detailed in SOM and table S3. 


By performing a multidimensional scaling 
analysis of enzyme distribution across differ- 
ent organisms (see fig. S4 for the procedure), 
we found that the distributions of enzymes 
catalyzing oxic networks were similar only 
for closely related organisms, which is in- 
consistent with the tree of life (Fig. 4, inset) 
and with the distribution of anoxic enzymes 
(Fig. 3B). Despite limited data from strict an- 
aerobes, the underlying trend for most or- 
ganisms is consistent with their preferred 
aerobic versus anaerobic lifestyle as opposed 
to taxonomic relationships (Figs. 3B and 4). 
For example, whereas the three-domain struc- 
ture of the tree of life is clearly evident in Fig. 
3A, aerobes such as the archaeon Solfolobus 
solfitaricus and the cyanobacterium Anabaena 
instead cluster with other aerobes, indepen- 
dent of taxonomic domain, in Fig. 3B. Oxic net- 
work expansion was most prolific in eukaryotes 
and aerobic prokaryotes (Fig. 4). Eukaryote- 
specific reactions make up roughly half of 
the oxic network—versus 21% of the anoxic 
network—and among these expanded path- 
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ways are examples important and in some 
cases specific to plants and metazoans, such as 
steroid and alkaloid biosynthesis (table S2). 
The fact that enzyme distribution in aerobic 
pathways was largely incongruent with organis- 
mal speciation suggests that adaptation to 
molecular oxygen occurred after the major 
prokaryotic divergences on the tree of life. This 
is supported by data from geological and 
molecular evolutionary analyses, showing that 
all three domains of life, and many phyla within 
these domains, had appeared by the time that 
oxygen became widely available (20-22). The 
relatively late onset of atmospheric oxidation 
argues against the invention of O,-dependent 
enzymes or pathways in the last common 
ancestor of modern organisms, suggesting that 
adaptation to molecular oxygen took place 
independently in organisms from diverse lin- 
eages exposed to O,. Our data support the 
idea that O, availability is coupled to an in- 
crease in network complexity beyond that 
reachable by any anoxic network, and they 
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have been important in the adaptation to an 
oxic atmosphere and the subsequent develop- 
ment of multicellular life. Whether this en- 
abled the concurrent increase in biological 
complexity evident in the geological record, 
or simply was a result of subsequent adap- 
tation and evolution among new classes of 
aerobes, is of considerable interest but re- 
mains to be determined. 


References and Notes 

1. J. L. Kirschvink et al., Proc. Natl. Acad. Sci. U.S.A. 97, 
1400 (2000). 

2. A.H. Knoll, Geobiology 1, 3 (2003). 

3. D.C. Rees, J. B. Howard, Science 300, 929 (2003). 

4. J. Raymond, R. E. Blankenship, Geobiology 2, 199 
(2004). 

5. G. C. Dismukes et al., Proc. Natl. Acad. Sci. U.S.A. 98, 
2170 (2001). 

6. D. J. Des Marais, Science 289, 1703 (2000). 

7. R. Rye, H. D. Holland, Am. J. Sci. 298, 621 (1998). 

8. R. E. Summons, L. L. Jahnke, J. M. Hope, G. A. Logan, 
Nature 400, 554 (1999). 

9. J. Farquhar, H. Bao, M. Thiemens, Science 289, 756 
(2000). 

10. O. Ebenhoh, T. Hendorf, R. Heinrich, Genome Informatics 
15, 35 (2004). 

11. M. Kanehisa, S. Goto, Nucleic Acids Res. 28, 27 
(2000). 

12. Briefly, the heuristic can be expressed as (i) specify or 
randomly choose seed metabolites, (ii) allow metabolites 
to react according to KEGG reactions, and (iii) incorporate 
newly synthesized metabolites into seed set. Steps ii and 
iii are then iterated until convergence, when no further 
new reactions are possible. 

13. During manuscript review and revision, an updated 
KEGG database (release 37, available 4 January 2006) 
became available. Results from this latest release are 
consistent with our findings and are presented along with 
the SOM. 

14. D. Segre, A. Deluna, G. M. Church, R. Kishony, Nat. 
Genet. 37, 77 (2005). 

15. E. Ravasz, A. L. Somera, D. A. Mongru, Z. N. Oltvai, 

A. L. Barabasi, Science 297, 1551 (2002). 

16. R. Pastor-Satorras, E. Smith, R. V. Sole, J. Theor. Biol. 
222, 199 (2003). 

17. T. Handorf, O. Ebenhoh, R. Heinrich, J. Mol. Evol. 61, 
498 (2005). 

18. H. Morowitz, Complexity 4, 39 (1999). 

19. O. Ebenhoh, T. Handorf, R. Heinrich, Genome Inform. 
Ser. Workshop Genome Inform. 16, 203 (2005). 

20. J. Xiong, W. M. Fischer, K. Inoue, M. Nakahara, C. E. Bauer, 
Science 289, 1724 (2000). 

21. J. J. Brocks, G. A. Logan, R. Buick, R. E. Summons, 
Science 285, 1033 (1999). 

22. J. M. Hayes, Global Methanotrophy at the Archean- 
Proterozoic Transition, Early Life on Earth, Nobel 
Symposium No. 84, S. Bengtson, Ed. (Columbia Univ. 
Press, New York, 1994). 

23. We thank R. Blankenship and E. Branscomb for critical 
review and fruitful discussions. J.R. acknowledges support 
through the E. O. Lawrence Fellowship at Lawrence 
Livermore National Laboratory (LLNL). D.S. is supported 
at LLNL as a Faculty Scholar. This work was performed 
under the auspices of the U.S. Department of Energy at 
LLNL, contract no. W-7405-ENG-48. 


Supporting Online Material 
SOM Text 

Figs. $1 to $4 

Tables $1 to $3 

References 


4 August 2005; accepted 1 February 2006 
10.1126/science.1118439 


24 MARCH 2006 


1767 


REPORTS 


Genomic Islands and the Ecology and 
Evolution of Prochlorococcus 


Maureen L. Coleman,’ Matthew B. Sullivan,’ Adam C. Martiny,* Claudia Steglich,** 
Kerrie Barry,” Edward F. DeLong,” Sallie W. Chisholm?+ 
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Prochlorococcus ecotypes are a useful system for exploring the origin and function of diversity 
among closely related microbes. The genetic variability between phenotypically distinct strains 
that differ by less that 1% in 165 ribosomal RNA sequences occurs mostly in genomic islands. 
Island genes appear to have been acquired in part by phage-mediated lateral gene transfer, and 
some are differentially expressed under light and nutrient stress. Furthermore, genome fragments 
directly recovered from ocean ecosystems indicate that these islands are variable among co- 
occurring Prochlorococcus cells. Genomic islands in this free-living photoautotroph share features 
with pathogenicity islands of parasitic bacteria, suggesting a general mechanism for niche 


differentiation in microbial species. 


losely related bacterial isolates often con- 
( tain remarkable genomic diversity (/, 2). 
Although its functional consequences 
have been described in a few model heterotro- 
phic microbes (3), little is known about genomic 
microdiversity in the microbial phototrophs that 
dominate aquatic ecosystems. The marine cya- 
nobacterium Prochlorococcus offers a useful 
system for studying this issue, because they are 
globally abundant, have very simple growth re- 
quirements, have a very compact genome [1.7 
to 2.4 megabases (Mb)], and live in a well-mixed 
habitat. Although the latter appears to offer few 
opportunities for niche differentiation, Prochlo- 
rococcus populations consist of multiple coex- 
isting ecotypes (4), whose relative abundances 
vary markedly along gradients of light, temper- 
ature, and nutrients (5—9). Even two high-light 
adapted (HL) ecotypes, whose type strains (MED4 
and MIT9312) differ by only 0.8% in 16S' ribo- 
somal RNA (rRNA) sequence, have substantial- 
ly different distributions in the wild (5—9). 
Although whole-genome comparisons be- 
tween the most distantly related Prochlorococ- 
cus isolates (97.9% 16S rRNA identity) have 
revealed the gross signatures of this niche differ- 
entiation (0), important insights into the evolution 
of diversity in this group likely lie in comparisons 
between very closely related strains, and between 
coexisting genomes from wild populations. Thus, 
we compared the complete genomes of the type 
strains, MED4 and MIT9312, that represent the 
two HL clades, and we analyzed genome frag- 
ments from wild cells belonging to these clades 
from the Atlantic and Pacific oceans. 
The 1574 shared genes of MED4 and 
MIT9312 have conserved order and orientation, 
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except for a large inversion around the repli- 
cation terminus (Fig. 1). The average G + C 
content is similar in both genomes (31%), and 
the median sequence identity of the shared 
genes is 78%, surprisingly low for strains so 
similar at the rRNA locus (//). For most genes, 
synonymous sites are saturated and protein se- 
quence identity is low (median 80%); this is 
likely a function of high mutation rates, given 
that HL Prochlorococcus lack several impor- 
tant DNA-repair enzymes (J0, 12). 

The strain-specific genes between MED4 
and MIT9312 (236 in MIT9312 and 139 in 
MED4) occur primarily (80 and 74%, respec- 
tively) in five major islands (Fig. 1). Thus, these 
genomes have a mosaic structure similar to that 
of Escherichia coli genomes (/), though on a 
smaller scale. The islands are located in the 
same position in both genomes, implying that 
they are hotspots for recombination, and the 
length of island genes is similar to the whole- 
genome average, suggesting that they are not 
degraded. We hypothesize that these islands 
arose via lateral gene transfer and continually un- 
dergo rearrangement, on the basis of a number of 
characteristics. First, three islands are associated 
with tRNA genes (fig. S1), which are common 
integration sites for mobile elements (/3). Sec- 


ond, the 3’ end of tRNA-proline, which flanks 
ISL3 in both genomes, is repeated 13 times in 
MIT9312-ISL3 (Fig. 2A) and three times in 
MED4-ISL3 (fig. S2), suggesting repeated 
remodeling of this island. Third, some of the 
genes found in a particular island in MED4 are 
found in a different island in MIT9312 (Fig. 1), a 
rearrangement that may have been mediated by a 
48—base pair sequence element we call PRE1 
(Prochlorococcus repeat element 1; fig. S3); 
portions of PRE1 are repeated, almost exclu- 
sively in islands, 13 times in MED4 (fig. $2), and 
9 times in MIT9312 (Fig. 2A). Finally, up to 80% 
of the genes in any given MIT9312 island are 
most similar to the genes of noncyanobacterial 
organisms including phage, Eukarya, and Archaea, 
consistent with the recent observation that hor- 
izontally acquired genomic islands reflect a 
gene pool that differs from that of the core ge- 
nome (/4). 

It is likely that phage, which often carry 
host genes (/5, 16), mediate some of the island- 
associated lateral gene transfer, and the Ali gene 
family in particular appears to have undergone 
repeated phage-host gene exchange (/6). Of the 
24 hii genes in MIT9312, 18 are found in the 
five major islands or their flanking regions. All 
18 belong to the multicopy and sporadically 
distributed group that includes phage copies 
(Fig. 2A) and is well differentiated from wide- 
spread single-copy Ali genes found in cyano- 
bacteria (16). Other phagelike genes in islands 
include an integrase, DNA methylases, a second 
phoH, a MarkR-family transcriptional regulator, a 
putative hemagglutinin neuraminidase, and an 
endonuclease (/5), further supporting a link be- 
tween phage and island dynamics. 

Many island genes in the two strains ap- 
pear to encode functions related to physiolog- 
ical stress and nutrient uptake and thus may be 
important in the high-light, low-nutrient surface 
waters dominated by HL Prochlorococcus. 
ISL2 and ISLS in MIT9312, for example, en- 
code 12 of the 24 Ali genes, known to be im- 
portant under a variety of stress conditions (/7); 
they also encode two outer-membrane transport 
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proteins; and a cyanophage-like homolog of 
phoH thought to be involved in the phosphate 
stress response (/5). ISL3 in this strain contains 
a paralog of psbF, which encodes part of 
cytochrome b559, thought to protect against 
photoinhibition (/8). Islands also contain genes 
involved in nutrient assimilation, including a 
cyanate transporter and lyase in MED4 and two 
transporters, for manganese/iron and amino 
acids, in MIT9312 (fig. S1). 

In addition to genes involved in potentially 
growth-limiting processes, islands also contain 
genes that could play a role in selective mortal- 
ity. ISL4 in both MED4 and MIT9312 encodes 
proteins involved in cell surface modification, 
including biosynthesis of lipopolysaccharide, a 
common phage receptor (9) (fig. S1). Phages 
are important agents of mortality in the oceans 
(20), and thus cell surface properties are likely 
under strong selection. 

Clearly, for island genes to influence a cell’s 
fitness, they must be expressed. When MED4 
cells are starved for phosphorus, nine ISLS 
genes are differentially expressed, nearly all of 
unknown function (table $1). When cells are 
shifted to high light, 38 island genes are differ- 


entially expressed, including seven Ali genes 
(table S1) that in Synechocystis encode proteins 
that accumulate when cells absorb excess ex- 
citation energy (e.g., under high light, nutri- 
ent limitation, and low temperatures) (/7). 
Thus, 26% of all MED4 island genes are dif- 
ferentially expressed under P starvation or 
high-light stress; only one of these is differ- 
entially expressed under both conditions (con- 
served hypothetical gene PMM1416), suggesting 
that island genes contribute to specific stress 
responses. 

The genome variation within the eMIT9312 
clade [sensu (7)] was examined in wild pop- 
ulations of Prochlorococcus by aligning short 
genome fragments from the Sargasso Sea (2/), 
where this clade dominates (7), against the 
MIT9312 genome (Fig. 2B). Nearly constant 
coverage was observed, confirming a stable 
core genome, except for notable gaps at ISL1, 
ISL3, and ISL4. This finding indicates that 
very few wild sequences match genes in these 
islands, and it supports the hypothesis that 
these regions are hypervariable in HL Pro- 
chlorococcus genomes. In contrast, genes be- 
longing to ISL2 and ISLS are relatively well 
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Fig. 2. Features of genomic islands (shaded) in the Prochlorococcus strain MIT9312 genome compared 
with wild sequences from the Atlantic and Pacific Oceans. (A) Locations of repetitive elements and Ali 
genes in MIT9312, shown above or below the horizontal line for the forward or reverse strand, 
respectively. hli genes shown in pink belong to the single-copy conserved group and those shown in 
blue belong to the multicopy phage-encoded group (16). (B) Percent identity of Sargasso Sea shotgun 
database sequences (21) aligned to MIT9312 (top, left axis) and average coverage in the database of a 
given position in the MIT9312 genome (bottom, right axis). Log, ,(coverage) is set to -2 when coverage 
equals 0. (C) Genomic locations and percent identity of wild genome fragments (eMIT9312-like unless 
noted) aligned to MIT9312. Where the alignment is interrupted, a black line connects aligned segments 
of a single fragment. Fragments are projected down to 70% horizontal to visualize total coverage. 


Table 1. Median pairwise percent identities, for all orthologous gene pairs and for large aligned 
regions >4 kb (25). Numbers in parentheses indicate the number of orthologous gene pairs from 
which the median was calculated. 


MED4- MED4-eMIT9312 MIT9312-eMIT9312 Overlapping 
MIT9312 fragments fragments fragments 
Orthologs 78.4 (1574) 79.5 (1063) 90.6 (1092) 93.2 (434) 
(nucleotides) 
Orthologs 80.0 (1574) 82.4 (1063) 92.9 (1092) 95.2 (434) 
(amino acids) 
Large aligned regions 79.0 79.9 90.7 92.6 
¥¥ePG-Proudty Presents, Thx fer Support 
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represented in the Sargasso Sea data set (Fig. 
2B, fig. S2). In MED4 and MIT9312, these 
islands contain about half of the Ali genes, 
lack the tRNA genes implicated in integration 
of mobile elements, and contain a smaller frac- 
tion of noncyanobacterial genes than do the 
other islands. This finding suggests that the 
genes in these islands have become fixed in 
this wild population. 

Examination of 36 large genome fragments 
(1.1 Mb total sequence; median size 34 kb) 
(table S2) from the Hawaii Ocean Time-Series 
Station (22) further confirms that a stable core 
genome surrounds islands of variability, because 
most fragments showed remarkable conserva- 
tion of gene content and order with respect to the 
MED4 and MIT9312 genomes. Thirty-four of 
the 36 fragments were more similar to MIT9312 
than to MED4; two contained rRNA operons, 
confirming their phylogenetic affiliation with 
the eMIT9312 clade (fig. S4). The eMIT9312 
fragments have about 90% identity with the 
MIT9312 genome and about 80% with MED4 
(Table 1). Collectively, these results suggest that 
the wild eMIT9312 population is a coherent 
group identifiable by sequence similarity in the 
absence of an rRNA operon (//). eMIT9312 
genome fragments from this wild population are 
more similar to each other than to the genome 
of the type strain MIT9312 (isolated from the 
Atlantic Ocean), but still share only 93% aver- 
age sequence identity (Table 1), indicating high 
coexisting diversity in core genes. 

Five eMIT9312 genome fragments from the 
Hawaii sample border the major islands defined 
above. About 60% of the genes in these islands 
have no ortholog in either MED4 or MIT9312, 
and two fragments border ISL1, yet their gene 
content is largely different from each other and 
from the MIT9312 and MED4 genomes (fig. 
S5). Indeed, a third of the island genes in these 
two fragments are novel, i.e., have no detect- 
able homologs, implying that cells have access 
to a large novel gene pool in the oceans (/4). 
Like the islands in the MED4 and MIT9312 
genomes, these two fragments contain signa- 
tures of mobility, including duplicated tRNA 
genes, copies of the repeat PRE1, and an inte- 
grase gene. This reveals that islands are dy- 
namic even within a single ecotype clade as we 
have defined it. 

One observation that stimulated this work is 
the dramatic difference in distribution and abun- 
dance of the two HL Prochlorococcus ecotype 
clusters (5—9), as defined by their rRNA internal 
transcribed spacer (ITS) sequence similarity. 
Although strains belonging to these two clusters 
have different island gene content, so do cells 
from field populations that belong to a single 
cluster. Therefore, other genomic features are 
likely to be important in explaining niche dif- 
ferentiation between eMED4 and eMIT9312 
cells in the wild. Differential temperature 
adaptation, for example, which is thought to be 
an important determinant of ecotype distribu- 
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tions (5), can be achieved through sequence (23) 
or regulatory (24) changes in the core genome. 
Nonetheless, given their prevalence, mobility, 
and expression under relevant conditions, is- 
lands likely play a role in adaptation, but on 
shorter time scales, or more local spatial scales, 
in the context of large populations that harbor 
substantial genomic variability. 

Thus, although streamlined for life in the 
oligotrophic oceans, the genomes of HL 
Prochlorococcus are not static. Cell-to-cell 
genome variability is concentrated in islands 
containing genes that are differentially expressed 
under stresses typical of oceanic environments. 
Just as pathogenicity islands alter the host 
specificity and virulence of pathogenic bacteria 
(3), genomic islands in Prochlorococcus may 
contribute to niche differentiation in the surface 
oceans. Although other factors, such as small 
insertions and deletions, substitutions in homol- 
ogous proteins, and differential regulation are 
important contributors to diversity, the preva- 
lence of genomic islands and their features argue 
that these also play an influential role. We 
postulate that lateral gene transfer in genomic 
islands is an important mechanism for local 
specialization in the oceans. If true, genomic 
islands of natural taxa should contain genes that 
are ecologically important in a given environ- 
ment, regardless of the core genome phylogeny. 


Testing this hypothesis will not only advance our 
understanding of microbial diversity in the ocean, 
but also contribute to a unified understanding of 
genomic evolutionary mechanisms and. their 
impact on microbial ecology. 
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Toll-Like Receptor Triggering of 
a Vitamin D—Mediated Human 
Antimicrobial Response 


Philip T. Liu,2* Steffen Stenger,** Huiying Li,? Linda Wenzel,* Belinda H. Tan,” 
Stephan R. Krutzik,? Maria Teresa Ochoa,” Jiirgen Schauber,” Kent Wu,? Christoph Meinken,* 


Diane L. Kamen,° Manfred Wagner,” Robert Bals,® Andreas Steinmeyer,” Ulrich Ziige 


L, 10 


Richard L. Gallo,> David Eisenberg,> Martin Hewison,?? Bruce W. Hollis,’* John S. Adams,** 


Barry R. Bloom,?> Robert L. Modlin?’2+ 


In innate immune responses, activation of Toll-like receptors (TLRs) triggers direct antimicrobial 
activity against intracellular bacteria, which in murine, but not human, monocytes and 


macrophages is mediated principally by nitric oxide. We report here that TLR activation of human 
macrophages up-regulated expression of the vitamin D receptor and the vitamin D-1—hydroxylase 
genes, leading to induction of the antimicrobial peptide cathelicidin and killing of intracellular 
Mycobacterium tuberculosis. We also observed that sera from African-American individuals, known 
to have increased susceptibility to tuberculosis, had low 25-hydroxyvitamin D and were inefficient 
in supporting cathelicidin messenger RNA induction. These data support a link between TLRs and 
vitamin D—-mediated innate immunity and suggest that differences in ability of human populations 
to produce vitamin D may contribute to susceptibility to microbial infection. 


host mechanism for defense against micro- 
bial pathogens. In Drosophila, innate im- 
munity is mediated in part by the Toll family of 
pattern-recognition receptors, whose activation 
induces expression of a series of antimicrobial 
peptides (/). The mammalian TLR homologs, in- 


T= innate immune system provides a rapid 
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cluding the TLR2 and TLRI heterodimer (2), 
similarly recognize a variety of microbial-derived 
ligands, including bacterial lipopeptides. Activa- 
tion of TLRs results in a direct antimicrobial 
response in monocytes and macrophages in vitro. 
In mice, this activity is mediated principally 


thraxalpganesaenp Presets, PH FoMsuppdtew- 


ever, we found that TLR2/1-induced antimicrobi- 
al activity in human macrophages is not affected 
by inhibitors of nitric oxide or reactive oxygen 
intermediates (5), and the mechanism of human 
microbicidal activity remains unresolved. 

In studies of resistance to M. tuberculosis, 
we observed that activation of TLR2/1 reduced 
the viability of intracellular M. tuberculosis in 
human monocytes and macrophages but not in 
monocyte-derived dendritic cells (DCs) [Fig. 
1A and (5, 6)]. Consequently, we used DNA 
microarrays to examine gene expression pro- 
files of monocytes and DCs stimulated with a 
synthetic 19-kD M. tuberculosis—derived lipo- 
peptide (TLR2/1L) or treated with medium (6). 
A two-way ANOVA was applied to the array 
data to identify genes differentially expressed in 
the two cell types after TLR2/1L treatment (6). 
Genes up-regulated in monocytes, but not in 
DCs, with significant P values [P < 0.05; the 
false discovery rate (FDR), which is the expected 
proportion of false rejections among all rejections, 
was 0.09] were cross-referenced against a list of 
genes associated with known antimicrobial func- 
tion, yielding two candidates: vitamin D receptor 
(VDR) and S100A12, a calcium-binding pro- 
inflammatory molecule (7) (Fig. 1B). Although 
TLR2/1 stimulation of DCs up-regulated spe- 
cific genes characteristic of activation (Fig. 1B), 
the selective up-regulation of the VDR gene in 
monocytes prompted us to examine further se- 
lected VDR-related genes. From these analyses, 
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Cyp27B1, the enzyme that catalyzes the conver- 
sion of inactive provitamin D, hormone [25- 
hydroxyvitamin D,; 25(OH)D,] into the active 
form [1,25-dihydroxyvitamin D,; 1,25(OH),D,], 
was observed to be significantly up-regulated at 
12 and 24 hours (Fig. 1C). However, there was 
no evidence for mRNA up-regulation of other 
VDR downstream target genes, including cath- 
elicidin antimicrobial peptide (CAMP) (a cath- 
elicidin precursor), B-defensin 4 (DEFB4), and the 
1,25(OH),D,-regulated VDR-specific Cyp24 hy- 
droxylase gene (Fig. 1C) (8). Quantitative poly- 
merase chain reaction (qPCR) confirmed the 
microarray data, demonstrating up-regulation of 
mRNAs for both VDR and Cyp27B1 in mono- 
cytes and macrophages, but not DCs (Fig. 1D) 
(6). However, again no observable up-regulation 
of cathelicidin, DEFB4, and Cyp24 mRNAs was 
seen in TLR2/1L-treated monocytes (Fig. 1E). 
Together, these data suggest that TLR induces up- 
regulation of the VDR and Cyp27B1 gene ex- 
pression in monocytes and macrophages, but raise 
the question of its functional significance. 

To determine the functional status of the 
VDR, 1,25(0H),D, was added to primary hu- 
man monocytes, and downstream target gene 
induction was assessed. Treatment led to the 
dose-dependent up-regulation of both cathelicidin 
and Cyp24 mRNA by qPCR, although the ex- 
pression of DEFB4 remained unchanged (Fig. 
2A). The induction of cathelicidin was also 
evident by intracellular flow cytometry and was 
found to be processed to its active peptide form 
(LL-37) by surface-enhanced laser desorption 
ionization-time of flight (SELDI-TOF) mass 
spectrometry (Fig. 2, B and C) (6). In mono- 
cytes infected with Mycobacterium bovis Bacille 
Calmette-Guérin-expressing green fluorescent 
protein (BCG-GFP), cathelicidin was observed 
to colocalize with the bacteria-containing vacu- 
oles with 1,25(OH),D, treatment, but not in 
untreated samples (Fig. 2D) (6). A direct anti- 
microbial effect of the cathelicidin peptide on 
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M. tuberculosis could be demonstrated by both 
[?H]uracil uptake and colony-forming unit (CFU) 
assay (Fig. 2E) (6). Addition of 1,25(OH),D, to 
primary human macrophages infected with viru- 
lent M. tuberculosis reduced the number of viable 
bacilli (Fig. 2F), consistent with earlier studies 
performed with monocytic cell lines (9, /0). Ta- 
ken together, these data indicate that the VDR is 
functional in primary human monocytes and that 
its activation triggers induction of at least one 
known antimicrobial peptide, cathelicidin, capa- 
ble of mediating antimicrobial activity. 

Because the VDR is functional when exog- 
enous 1,25(OH),D, is added, we hypothesized 
that the TLR2/1 induction of Cyp27B1 and the 
conversion of 25(OH)D, to 1,25(OH),D, could 
represent key aspects of the TLR pathway. 
Monocytes were activated by TLR2/1L in me- 
dium containing fetal calf serum (FCS), in the 
presence and absence of 25(OH)D,. Although 
addition of either 25(OH)D, or TLR2/1L alone 
had no effect, their simultaneous addition up- 


regulated cathelicidin and Cyp24 mRNA (Fig. 
3A). In the viability assays, where exogenous 
25(OH)D, was not required for killing, the ex- 
periments were performed in human serum to 
facilitate uptake of bacteria. Only in the presence 
of human serum did the TLR2/1 stimulation up- 
regulate cathelicidin and Cyp24 mRNA without 
addition of exogenous 25(OH)D, (Fig. 3B). We 
attribute this to the finding that the 25(OH)D, 
levels in human serum were five times those in 
FCS (Fig. 3C), which suggests that culture of 
human cells in human serum may be critical for 
study of innate immune responses in humans (6). 

Specific inhibition of Cyp27B1 blocked 
TLR2/1L activation of cathelicidin mRNA by 
80% (Fig. 4A). Addition of a VDR antagonist 
inhibited induction of cathelicidin mRNA by 
greater than 80% (Fig. 4B), and the antimi- 
crobial activity was reduced about 70% (Fig. 
4C). Taken together, these data demonstrate that 
activation of TLRs on human monocytes trig- 
gers a microbicidal pathway that is dependent 


A Mono./Macro. pc B Monocyte pc p-values 
65 CFU x10® 6,CFU x10® Media |TLR2/1L Media |TLR2/1L ANOVA 
4 4 TLR2/1L 
2 TLR2/MIL 2 
1 1 
0 
Days 
C 6)Cyp27B1 mRNA 20) DEFB4 mRNA 20) Cyp24 mRNA 
ipo 
24 
pee 
— | 
2 2 
1 
0 
6 12 
Hours Hours 
D E 
412, VDR mRNA 412, Cyp27B1 mRNA 42) Cath. 42, DEFB4 42, Cyp24 
© 10 OMedia 10 O Media © 10) MRNA 40} MRNA 40) MRNA 
J J) 
H 8 @TLR2ML 8 @TLR2M41L § 8 8 8 
6G 6 6 Oo 6 6 
a] zs 
3 4 4 54 4 4 
“2 2 a 2 2 
0 0 0 0 0 r 
Mono. Macro. DC Mono. Macro. DC Media TLR2/1L MediaTLR2/iL MediaTLR2/1L 


Fig. 1. Comparison of gene expression profiles in human primary monocytes and macrophages and DCs. 
(A) Antimicrobial activity of monocytes, macrophages, and DCs against intracellular M. tuberculosis. 
Infected cells were stimulated with a TLR2/1 ligand, and viable M. tuberculosis was assessed by CFU assay. 
Data shown are representative of 12 individual donors for both cell types. (B) Gene expression profile in 
TLR2/1-activated monocytes and DCs. Cells were obtained from four donors, stimulated with TLR2/1L for 12 
hours, and their gene expression was profiled by gene microarrays. A two-way ANOVA was applied, and 
genes induced in monocytes and significantly different (P < 0.05) from DCs were cross-referenced against 
genes with known antimicrobial functions. The profile of genes known to be characteristic of DC function, 
DC-LAMP maturation marker, the intercellular cell adhesion molecule ICAM1, and CD40 were examined. (C) 
Time course of Cyp27B1, cathelicidin, DEFB4, and Cyp24 mRNA expression in TLR2/1L-activated 
monocytes. Cells from four donors were stimulated with either medium (0) or TLR2/1L (#) for 0, 3, 6, 
12, or 24 hours, and the gene expression was profiled by using microarrays. Regulation of VDR and 
Cyp27B1 mRNA (D) and cathelicidin, DEFB4, and Cyp24 mRNA (E) in monocytes, macrophages, and 
DCs. Cells were treated with TLR2/1L at 24 hours, and gene expression was assessed by qPCR (mean fold 
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on both the endogenous production and action 
of 1,25(OH),D, through the VDR. 

These findings prompted us to address a 
problem that has long challenged the field, 
namely, differences in susceptibility of different 
ethnic populations to the disease. Because of skin 
melanin content and subsequent diminished 
ultraviolet (UV) light-dependent cutaneous vita- 


min D, synthetic capacity, African Americans 
have significantly decreased serum 25(OH)D, 
levels (17) and are known to have increased sus- 
ceptibility to M. tuberculosis infection (/2), as 
well as more rapid and more severe course of 
disease (/3). We observed that serum levels of 
25(OH)D, in African Americans were signifi- 
cantly lower than in a Caucasian cohort (Fig. 4D). 


Strikingly, when these serum samples were used 
to support TLR2/1 activation, the induction of 
cathelicidin mRNA was significantly lower in the 
presence of serum from African American than 
the Caucasian individuals [Fig. 4E and (/4) (cor- 
relation coefficient 25(OH)D, versus cathelicidin 
mRNA = 0.63; P < 0.001)]. Finally, supple- 
mentation of the African American serum with 


Fig. 2. Monocyte response to 1,25(OH),D, (1,25D3). (A) 
Regulation of VDR downstream genes cathelicidin, Cyp24, 
and DEFB4 mRNA on stimulation with 1,25(OH),D, (mean 
fold change + SEM, n = 4). (B) Detection of cathelicidin in 
monocytes by intracellular flow cytometry. Monocytes were 
stimulated with either control (solid line) or 1,25(OH),D, 
(gray shaded area). Isotype control is represented by the 
dashed line. Data shown are representative of four separate 
experiments. (C) Detection of cathelicidin-derived peptides 
in monocytes by SELDI-TOF. In three separate experiments, 
SELDI-TOF analysis of monocyte cell pellets detected a peak 
around 4.5 kD consistently, as indicated by the arrow, 
corresponding to the cathelicidin peptide (LL-37). (D) 
Colocalization of mycobacteria and cathelicidin. Monocytes 
were infected with BCG-GFP (green) then stimulated with 
1,25(OH),D, and labeled using a monoclonal antibody 
specific for cathelicidin (red). CD68 is used as a marker for 
monocytes (blue). Data shown are representative of three 
separate experiments. (E) M. tuberculosis viability following 
incubation with recombinant cathelicidin peptide. 
Experiments were performed at various concentrations of 
cathelicidin peptide incubated with bacteria for 3 days. The 
bacterial viability was measured by both [?H]uracil uptake 
[mean counts per minute + SEM, n = 3] and CFU assay 
(mean CFU + SEM, n = 3). (F) Antimicrobial activity of 
alveolar macrophages following 1,25(OH),D, stimulation. 
Cells were infected with M. tuberculosis and stimulated with 
1,25(OH);D,. The number of viable M. tuberculosis bacteria 
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Fig. 3. Effect of human serum (HS) on vitamin D receptor activation. (A) 
Effects of 25(O0H)D, (25D3) supplementation to TLR2/1-stimulated mono- 
cytes cultured in FCS (mean fold change + SEM, n = 3). (B) Effect of FCS 
and human serum on TLR-induced VDR downstream genes. The ability of 


cathelicidin and Cyp24 mRNA upon TLR2/1L stimulation measured by qPCR 
(mean fold change + SEM, n = 4). (C) 25(OH)D, levels in FCS and human 
serum as measured by radioimmunoassay. FCS data represent the same lot 
used throughout this study, and human serum is the mean concentration 
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25(OH)D, to a physiologic range restored TLR 
induction of cathelicidin mRNA (Fig. 4F). 
Although the antimicrobial effects of vitamin D 
have been previously documented and reduced 
vitamin D status is known to be associated with 
susceptibility to M. tuberculosis infection, our work 
describes a potential mechanism by which this 
might influence the innate immune response. By 
demonstrating that TLR stimulation of human mac- 
rophages induces (i) the enzyme that catalyzes 
conversion of 25(OH)D, to active 1,25(OH),D,; 
(ii) the expression of the vitamin D receptor 
(VDR); and, (iii) relevant downstream targets of 
VDR (including cathelicidin), the present results 
provide an explanation for the action of vitamin 
D as a key link between TLR activation and 
antibacterial responses in innate immunity. We 
do not imply that this is the only antimicrobial 


mechanism available to human macrophages. 
This innate immune pathway is likely comple- 
mented by T cell-dependent adaptive immune 
mechanisms, which include macrophage activa- 
tion by cytokines and release of granulysin (/5). 

We believe these findings may explain a 
number of puzzling problems: the increased 
1,25(OH),D, levels at the site of disease in a lo- 
calized form of tuberculosis (/6), TLR-induced 
induction of antimicrobial peptides in epithelial 
cells (17), and the evolution of divergent anti- 
microbial pathways in mice (noctumal animals 
that use nitric oxide) versus humans (daytime 
creatures that synthesize vitamin D, in the skin on 
exposure to UV light). These findings also pro- 
vide new insight into the history of tuberculosis 
treatment, including the importance of sunlight in 
the sanatorium movement created by Brehmer 
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Fig. 4. Role of the vitamin D pathway in induction of cathelicidin mRNA and antimicrobial activity. Role of 
VDR (A) and Cyp27B11 (B) in induction of cathelicidin mRNA. Monocytes were cultured in human serum and 
pretreated with the Cyp27B1 antagonist itraconazole (ITRA) (A) or the VDR antagonist VAZ (VDR-antagonist 
ZK159222) (B), then induced with TLR2/1L; the cathelicidin mRNA levels were determined by qPCR (mean 
fold change + SEM, n = 4). (C) The role of the VDR in TLR2/1L-induced antimicrobial activity. Alveolar 
macrophages were infected with M. tuberculosis and stimulated with medium, TLR2/1L, or TLR2/1L with VAZ. 
Viable bacteria were quantified by CFU assay after 4 days of growth. Data shown are representative of eight 
experiments. (D) Serum concentration (nM) of 25(OH)D, in African American and Caucasian donors as 
measured by radioimmunoassay. The mean of the values is represented by the line. (E) Effect of serum from 
African Americans or Caucasians on TLR2/1L-induced cathelicidin mRNA levels. Monocytes were cultured in 
either African American or Caucasian serum, activated with TLR2/1L, then cathelicidin mRNA levels were 
determined by qPCR. Points are fold change of each individual donor tested, with the mean value indicated 
by the line. (F) Effect of supplementation of African American sera with 25(OH)D, on TLR2/1L-induced 
cathelicidin mRNA levels. Monocytes were cultured in African American sera without supplementation or 
with exogenous 25(OH)D, at physiologic concentrations ranging from 1 to 100 nM to optimize the signal- 
to-noise ratio due to monocyte variability, then stimulated with the TLR2/1L. Cathelicidin levels were 
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and Trudeau, and the award of the 1903 Nobel 
Prize for Medicine to Niels Ryberg Finsen for 
demonstrating that UV light was beneficial to 
patients with lupus vulgaris, tuberculosis of the 
skin, consistent with the importance of vitamin D 
in all forms of tuberculosis. The harmful effects 
of sunlight are well documented, but there is 
also epidemiologic evidence that vitamin D suffi- 
ciency has a positive association with lower inci- 
dences of colorectal and prostate cancers (/8). 
The findings reported here are consistent with 
the possibility that variation in the ability to 
synthesize vitamin D, including polymorphisms 
in the VDR (/9), may be a contributing factor 
to increased tuberculosis susceptibility. Conse- 
quently, consideration might be given to clinical 
trials of inexpensive vitamin D supplementation 
at appropriate doses to enhance innate immunity 
to microbial infections and possibly neoplastic 
disease in African or Asian populations. 
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Reversal of Diabetes in Non-Obese 
Diabetic Mice Without Spleen 
Cell—Derived B Cell Regeneration 


Anita S. Chong,’* Jikun Shen,* Jing Tao,’ Dengping Yin,”"? Andrey Kuznetsov,” 


Manami Hara,” Louis H. Philipson” 


Autoimmune destruction of B cells is the predominant cause of type 1 diabetes mellitus (T1DM) in 
humans and is modeled in non-obese diabetic (NOD) mice. Many therapeutic interventions prevent 
the development of T1DM in NOD mice, but few can induce its reversal once established. 
Intervention with Freund's complete adjuvant, semi-allogeneic splenocytes, and temporary islet 
transplantation has been reported to cure NOD mice of established T1DM. Using the same approach, 
we report here that this treatment cured 32% of NOD mice of established diabetes (>340 milligrams 
per deciliter blood glucose), although 8 cells in these mice were not derived from donor splenocytes. 


urrent therapy for T1DM, based on the 
( replacement of insulin or on islet trans- 

plantation and immune suppression, has 
substantial limitations (/). An alternative ap- 
proach to curing T1DM is through the simulta- 
neous reversal of preexisting autoreactivity and 
restoration of endogenous f cell function. Re- 
cent studies by Kodama et al. (2) suggested 
that treatment with Freund’s complete adjuvant 
(FCA), semi-allogeneic spleen cells, and tempo- 
rary islet transplantation leads to the control of 
autoimmunity and alloreactivity and to a marked 
restoration in B cell mass through the in vivo 
differentiation of stem cells from the spleen. We 
attempted to independently replicate these find- 
ings using spleen cells from a transgenic mouse 
strain in which the mouse insulin promoter drives 
the expression of green fluorescent protein (MIP- 
GFP); thus, GFP is expressed only in their B cells 
and not in their spleen cells (3). 

Severely diabetic NOD mice (blood glucose 
levels of >300 mg/dl for 2 consecutive days; 
table S1) were injected with FCA and live semi- 
allogeneic spleen cells (CByB6F1) from MIP- 
GFP mice. To initially control blood glucose 
levels, 400 to 500 islets from NOD-scid mice 
were implanted under a single kidney capsule of 
NOD recipients. Of the 22 diabetic NOD mice 
that were transplanted and treated with FCA and 
spleen cells, 14 (63.6%) redeveloped diabetes 
(blood glucose >200 mg/dl) within 40 days, and 
one within 80 days, of initiation of treatment 
(Fig. 1A and table S1). To confirm that the 
redevelopment of diabetes was due to a re- 
currence of autoimmunity, a second syngeneic 
islet transplant (200 islets per mouse) was per- 
formed in six mice (with >200 mg/dl blood 
glucose levels for 2 to 30 days). Four of the six 
mice became diabetic again within 1 week of 
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retransplantation, consistent with recurrent auto- 
immunity. Two of the six remained normogly- 
cemic, one for >52 days and the other for >100 
days, suggesting that the initial recurrence of 
diabetes was due not to the inability of the 


Fig. 1. Reversal of established A 
diabetes in NOD mice. (A) 100 
Kaplan-Meier plot of the per- 2 
centage of nondiabetic mice 3 80 
after the first islet transplanta- S 60 
tion (n = 22). (B) The blood z as 
glucose (BG) levels of three NOD $ 
mice successfully treated with 32 20 


FCA, biweekly infusions for 6 0 
weeks of semi-allogeneic spleen 
cells, and a subrenal transplant 
of syngeneic islets. The bar in- 
dicates the period of normogly- 
cemia after the subrenal islet 
grafts were removed. (C to E) 
Immunohistochemistry of f cells. 
Pancreatic sections from age- 
matched NOD-scid (C), success- 
fully treated NOD mice (D), and 
age-matched (>45 weeks old) 
NOD mice that did not spon- 
taneously develop diabetes (E). 
(F) The maximal diameter (emp- 
ty bars) and average volume 
(shaded bars; Vol = 4/3zr3, 
where r is the radius) of the 
islets + SEM were calculated for 
all the islets observed in suc- 
cessfully treated (Rx) and con- 
trol (Ctrl) NOD mice, and all 
insulin-positive islets (>80 per 
section) from two randomly 
selected sections per NOD-scid 
(Scid) mouse (n = 3 per group). 
The total volume + SEM (filled 
circles) of B cells was estimated 
by multiplying the average 
volume by the total number of 
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treatment to control autoimmunity but to 
insufficient B cell mass. Thus, treatment with 
FCA and spleen cells reversed autoimmunity in 
41% (9 out of 22) of the diabetic NOD mice. 
Seven of the nine mice remained normoglycemic 
for =90 days; the remaining two mice with 
normal glycemia were observed for only 52 and 
53 days. Six of the seven mice were successfully 
nephrectomized, after which all remained nor- 
moglycemic for >29 days (Fig. 1B and table S1), 
indicating that normoglycemia could be main- 
tained by endogenous f cells. All four of the 
successfully treated (Rx-NOD) mice that were 
subject to intraperitoneal glucose tolerance test- 
ing displayed almost normal responses (fig. $1). 

Histological examination of the entire pan- 
creas indicated that five of the six Rx-NOD 
mice had very few hyperplastic islets (Fig. 1, D 
to F) and that one had few small islets that 
stained very weakly or did not stain for insulin, 
similar to the observations by Suri et al. (4). The 
mean number of hyperplastic islets (tSEM) 
in the pancreas of the five Rx-NOD mice ex- 
amined was 12.2 + 2.2. This number is con- 


BG (mg/dl) 


Vol (x105 pm) 


Diameter (um)/ 


Total Vol (x109 yum3) 


islets (NOD-scid mice were assumed to have 2000 islets). (G to H) Visualization of B cells from 
control MIP-GFP (G) or successfully treated NOD mice (H). Occasional green fluorescence observed in 
the pancreas of successfully treated NOD mice was due to autofluorescence and was not associated 
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siderably lower than that observed in age- and 
sex-matched NOD-scid mice or young pre- 
diabetic NOD mice [which are estimated to have 
=2000 islets per NOD mouse (5)]. The average 
diameter of the islets from Rx-NOD mice was 
5.2 + 0.1 times as large as that of age-matched 
NOD-scid mice (Fig. 1, C, D, and F; P < 0.05). 
This increase in islet size was due not to hyper- 
trophy of individual B cells but to increased num- 
bers of B cells and not of glucagon-expressing o 
cells (fig. S2). We estimated that the total B cell 
volume in the Rx-NOD mice was 22.5 + 4.1% of 
that of age-matched NOD-scid mice. Similarly 
low numbers (12.2 + 1.7) of significantly enlarged 
islets (P < 0.05) were observed in age-matched 
NOD mice that failed to develop spontaneous 
diabetes (Fig. 1, D to F). 

To determine whether the B cells in the Rx- 
NOD were of host origin or derived from donor 
spleen cells, we examined all the Rx-NOD islets 
for expression of GFP. No 8 cells expressing 
GFP were detected in any of the islets examined 
(Fig. 1, G and H) or in the organs outside of the 
pancreas. Thus, our data do not support a 
conclusion of B cell regeneration from spleen- 
derived stem cells. All the hyperplastic islets 
from the five cured Rx-NOD mice were 
associated with circumferentially distributed 
lymphocytes (peri-insulitis) of donor origin 
(fig. S3) and devoid of invasive insulitis. The 
majority of these peri-islet lymphocytes were 
CD4+CD25*+ cells, with a small portion ex- 
pressing the transcriptional factor FoxP3* (fig. 


S3) (6). These observations suggest that regula- 
tory T cells may function to control autoim- 
munity locally where B cells are situated. The 
islets that stained very weakly or did not stain 
for insulin in the one Rx-NOD mouse without 
hyperplasia did not have a notable peri-islet 
lymphocytic infiltrate. 

The finding that autoimmune diabetes in 
NOD mice can be reversed by a complex pro- 
tocol combining islet transplantation, FCA treat- 
ment, and transfer of semi-allogeneic splenocytes 
suggests a potential for novel B cell replace- 
ment therapies for human T1DM (2, 7). We 
confirmed these observations and demonstrated 
restoration of diabetic NOD mice to normogly- 
cemia with this therapeutic protocol. We did 
not observe B cell reconstitution from the in- 
fused spleen cells, and these studies were not 
designed to determine whether the observed 
host-derived B cells were the result of replica- 
tion of preexisting B cells or differentiation 
from stem-cell precursors. Our studies indicate 
that normoglycemia in Rx-NOD mice can be 
maintained by a very low number of hyper- 
plastic islets or, in one case, by weakly insulin- 
positive or insulin-negative islets surviving the 
autoimmunity. The consistent association be- 
tween islet hyperplasia and peri-insulitis (8, 9) 
suggests a hypothesis that autoreactivity, when 
restrained by regulatory T cells, may facilitate 
the development of islet hyperplasia. The limited 
B cell mass required to maintain normoglycemia 
in this model contrasts with the large numbers of 
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transplanted islets required to maintain normal 
glycemia (/, /0). Our studies confirm that auto- 
immune diabetes can be reversed and that suf- 
ficient endogenous £ cell mass can be restored 
to cure diabetic NOD mice with the treatment 
protocol developed by Faustman and colleagues 
(2, 7). Translating these findings into therapies 
useful for curing T1DM in humans remains a 
challenge. 
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Islet Recovery and Reversal of Murine 
Type 1 Diabetes in the Absence of Any 
Infused Spleen Cell Contribution 


Junko Nishio, Jason L. Gaglia, Stuart E. Turvey,* Christopher Campbell, 


Christophe Benoist,t Diane Mathist 


A cure for type 1 diabetes will probably require the provision or elicitation of new pancreatic islet B 
cells as well as the reestablishment of immunological tolerance. A 2003 study reported 
achievement of both advances in the NOD mouse model by coupling injection of Freund’s complete 
adjuvant with infusion of allogeneic spleen cells. It was concluded that the adjuvant eliminated 
anti-islet autoimmunity and the donor splenocytes differentiated into insulin-producing 
(presumably 8) cells, culminating in islet regeneration. Here, we provide data indicating that the 
recovered islets were all of host origin, reflecting that the diabetic NOD mice actually retain 
substantial B cell mass, which can be rejuvenated/regenerated to reverse disease upon adjuvant- 


dependent dampening of autoimmunity. 


ype 1 diabetes, an autoimmune disease 

that targets pancreatic islet B cells, is an 

important and increasing health problem. 
It is generally believed that effective therapy for 
autoimmune diabetes will require two scientific 
advances: (i) restoration of insulin production by 
providing or eliciting new f cells, and (ii) repair 
of the breakdown in immunological tolerance 
that precipitated the disease in the first place. 
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Recently, successful achievement of both of 
these advances was reported, culminating in 
disease abrogation in a fraction of severely 
diabetic NOD mice (/), a widely used murine 
model of the human type | disorder. The pro- 
tocol incorporated injection of a single dose of 
Freund’s complete adjuvant (FCA) into se- 
verely diabetic mice, coupled with repeated in- 
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restoration of normoglycemia and permanent 
disease extinction. The conclusion of this study 
was that the FCA had eliminated anti-islet au- 
toimmunity and that the donor splenocytes had 
differentiated into insulin-producing (pre- 
sumably 8) cells, ultimately leading to islet 
regeneration. 

Although FCA has been used for a number of 
years in a variety of experimental protocols to 
modulate diabetes in NOD mice (2, 3), the con- 
cept of donor splenocytes giving rise to islets in 
a host pancreas was a novel and exciting one, 
prompting the suggestion that the function of 
the spleen should be radically reappraised to 
include a role as a reservoir of multilineage 
stem cells (4). We set out to further dissect the 
underlying mechanisms of diabetes reversal by 
this treatment regime. 

As a first step, we attempted to replicate the 
original findings, following closely the protocol 
published by Kodama et al. (/) and incorpo- 
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Table 1. Response profiles of treated mice. The treatment protocol is described in (5). BG, blood glucose. 


Acuse Age at Maximum BG Days with Number of BG on first day Number of days with 
onset before BG >400 transplanted after transplantation BG <250 mg/dl Overall course 
(weeks) transplantation mg/dl islets (mg/dl) after transplantation* 
Successful 132 23 476 3 650 129 151 Nephrectomy on day 120, 
transplantation still nondiabetic at 
for 120 days — day 151 
nondiabetic after 138 30 499 3 800 147 186 Nephrectomy on day 120, 
nephrectomy still nondiabetic at 
day 186 
154 26 401 3 800 120 180 Nephrectomy on day 120, 
still nondiabetic at day 
180 
155 35 406 7 800 74 151 Nephrectomy on day 124, 
still nondiabetic at 
day 151 
89 19 459 7 800 135 144 Nephrectomy on day 124, 
still nondiabetic at 
day 144 
Successful 78 37 403 3 650 51 122 Nephrectomy on day 120, 
transplantation diabetic 3 days later 
for 120 days > 114 39 458 7 800 105 120 Nephrectomy on day 120, 
diabetic after diabetic 1 day later 
nephrectomy 11 29 597 7 800 83 123 Nephrectomy on day 123, 
diabetic 1 day later 
76 27 458 3 800 50 123 Nephrectomy on day 124, 
diabetic 1 day later 
Recurrent diabetes 15 29 586 3 800 68 60 Spontaneously diabetic 
before day 120 174 20 >600 3 800 139 46 Spontaneously diabetic 
74 24 584 3 800 101 46 Spontaneously diabetic 
78 18 547 3 800 136 25 Spontaneously diabetic 
84 24 591 14 650 134 24 Spontaneously diabetic 
128 27 505 3 800 125 22 Spontaneously diabetic 
120 44 >600 7 650 93 11 Spontaneously diabetic 
10 25 532 3 800 104 11 Spontaneously diabetic 
81 18 450 3 800 97 11 Spontaneously diabetic 
159 26 502 3 800 97 5 Spontaneously diabetic 
141 21 513 1 650 86 4 Spontaneously diabetic 
72 17 514 3 800 64 4 Spontaneously diabetic 
89 25 >600 8 650 134 2to7 Spontaneously diabetic 
86 26 >600 12 650 125 2to7 Spontaneously diabetic 
98 26 >600 1 650 90 2to7 Spontaneously diabetic 
136 19 541 7 650 83 2 to 3 Spontaneously diabetic 
170 16 581 7 800 172 2 to 3 Spontaneously diabetic 
36 30 543 3 800 84 2 to 3 Spontaneously diabetic 
81 40 >600 7 650 81 2 Spontaneously diabetic 
23 25 432 7 800 113 2 Spontaneously diabetic 
47 24 412 3 800 86 2 Spontaneously diabetic 


*A few mice showed transient blood glucose values >250 mg/dl during the follow-up period, but these normalized in the following days, and these excursions were not considered in the 


evaluation of posttransplant success or failure. 


rating additional details from more extensive 
protocols provided by the authors (5). Severely 
diabetic NOD mice (blood glucose >400 mg/dl) 
were transplanted under the kidney capsule 
with syngeneic islets in order to maintain 
insulin levels; engraftment was deemed a 
failure when hyperglycemia reappeared before 
2 days. Thirty successfully transplanted mice 
were injected with FCA and infused with live 
allogeneic [C57BL/6 x Balb/c (referred to as 
CB6 F1)] splenocytes (Table 1). The majority 
(21 of 30) developed diabetes before the end 


24 MARCH 2006 VOL 311 


of the 120-day observation period (2 to 60 
days after islet transfer). We do not know 
why the 70% reversion rate observed here 
was higher than the 8% reported by Kodama 
et al. (1). After removal of the transplanted is- 
lets from the nine mice that had completed 
the 120-day observation period, four animals 
became diabetic shortly thereafter, indicating 
that the insulin that permitted their survival 
prenephrectomy was produced mainly by the 
grafted islet cells. The other five animals re- 
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cating that they carried insulin-producing cells 
outside the islet graft, which the immune sys- 
tem no longer destroyed. This 56% of long- 
term survivors that were insulin-self-sufficient 
was similar to the 67% reported by Kodama 
et al. (1). 

Histology of the pancreas revealed islets of 
various sizes (fig. S1A), including a hyperplastic 
subset found in both the “cured” and “‘revertant” 
long-term survivors, although more frequent in 
the former (e.g., fig. S1B). All mice had insulitis 
(fig. S1, A to D) as well as some islets free of 
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Fig. 1. Laser-capture microdissection and A 


genotyping of islets from “reverted” mice. (A) 
Anti-insulin staining of an islet from mouse 
154. (B) An adjacent section before (left) and 
after (right) microdissection. (C) Typical 
genotyping by fluorogenic polymerase chain 
reaction for SNP rs4151928, detecting the b 
alleles present in NOD or CB6 F1 mice as FAM 

or VIC fluorescence, respectively. Controls 
shown are DNA from microdissected islets of 

a nondiabetic NOD mouse and from an F, 
mouse. Solid triangles denote several samples 
microdissected from islets of mouse 154. (D) 
Summary of SNP genotyping of microdissected 
islets from mice 132, 138, and 154 (all from 

the first group in Table 1). Nucleotides de- 
tected for three different SNP positions 
(rs4223216, 1s4230624, and rs4151928) in 
microdissected islets are shown, with the 
corresponding nucleotides for control NOD 
and F, DNA (x, unsuccessful amplification; 
n.d., not done). 


infiltrate (fig. S1, A and E). Many islets exhibited 
an innocuous-looking infiltrate like that described 
in a number of contexts wherein insulitis does not 
progress to overt diabetes (6). Indeed, there was 
a striking similarity to the islets of recent- 
onset diabetic NOD mice treated with anti- 
CD3 monoclonal antibody (mAb) (fig. S1F). 
Insulitis was also observed in the syngeneic 
islet graft (fig. S1G). 

We next evaluated the possibility that 
pancreatic islets were regenerated through dif- 
ferentiation of donor splenocytes. Because the 
fluorescence in situ hybridization (FISH) assays 
used in the previous study (/) can be chal- 
lenging and their results can be equivocal, we 
established a more robust test based on single- 
nucleotide polymorphism (SNP) analysis of 
DNA derived from islet tissue isolated from 
histological sections by laser-capture microdis- 
section (LCM). Islet tissue and any associated 
inflammation could be definitively identified by 
staining sections with hematoxylin and/or anti- 
insulin mAb (Fig. 1A) and could be cleanly 
excised (Fig. 1B). The SNP analysis assessed 
three polymorphic loci on three separate chro- 
mosomes (Fig. 1C) and clearly distinguished 
cells of NOD and CB6 F1 origin. In all “cured” 
animals tested, all tissue was derived from 
NOD host or graft cells; none came from CB6 
F1 donor splenocytes (Fig. 1D). 

This result is actually the expected one, given 
that the NOD host should make a strong 
alloresponse to the splenocytes’ large major 
histocompatibility complex (MHC) divergence 
(K®, De, L4, Ad, E4, and A? in the CB6 Fis). 
We found no evidence of chimerism in the 
spleen or lymph nodes subsequent to the 
splenocyte infusions (fig. S2). Instead, strong 
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alloreactivity was evident from the develop- 
ment of antibodies to the allogeneic splenocytes 
at titers up to 1/5000 (7). 

The fleeting presence of the splenocytes 
raised the possibility that the protocol’s benefi- 
cial effects might derive primarily from the FCA 
injection. This adjuvant is known to have 
immunomodulatory effects in the NOD context 
(2, 3), but a FCA-alone control was not in- 
cluded in the report by Kodama et al. (J). 
Therefore, under otherwise the same proto- 
col, we treated 13 severely diabetic NOD 
mice with FCA and a syngeneic islet trans- 
plant but not with allogeneic splenocytes. 
Four of these animals maintained normal 
glucose levels during the 120-day observation 
period, and three of these remained normo- 
glycemic after removal of the transplanted 
islets (table S1). 

A likely source of the insulin that permitted 
certain long-term survivors to remain nondia- 
betic is residual islets that expanded through 
either differentiation or replication once auto- 
immunity had been muted. Such a scenario is 
consistent with recent reports that substantial B 
cell mass can be detected in diabetic NOD 
mice (8). To test this notion, we performed a 
morphometric analysis of pancreatic B cell 
mass both in the prediabetic state (n = 3) and 
in the first weeks after the development of 
severe hyperglycemia (” = 23). Residual B cell 
mass was detected in essentially all of the 
diabetic mice (fig. S3), although it was variable 
in quantity and was always diminished relative 
to that of prediabetic comparators. There was no 
correlation between the blood glucose value and 
residual B cell mass (9). These results indicate 
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eration promoting disease reversal in severely 
diabetic NOD mice. 

Our experiments, like those of Kodama et al. 
(1), yielded a fraction of previously diabetic 
NOD mice that survived for a long term after 
syngeneic islet transplantation, a proportion of 
which remained normoglycemic even after the 
removal of the grafted islets. On the other hand, 
we found no evidence that the source of insulin 
underlying the reversal of diabetes was islet 
cells derived from donor splenocytes. Rather, 
we found that the diabetic hosts had substantial 
residual B cell mass and that the recovered/ 
expanded islets were all of NOD origin rather 
than splenocyte CB6 F1 origin. Our con- 
clusions match very well those of two accom- 
panying reports (J0, 1). Given recent reports 
of active B cell replication in both nondiabetic 
(12) and diabetic (8) states, the most likely ex- 
planation for islet recovery in this context is 
that the dampening of autoimmunity permitted 
B cell replication to outdo B cell death. How- 
ever, other explanations remain possible: dif- 
ferentiation of new host B cells or seeding and 
expansion of islet graft—derived cells (also of 
NOD genotype). 

Should the autonomous efficacy of FCA 
demonstrated in our study prompt a recon- 
sideration of the use of the analogous reagent 
Bacille Calmette-Guérin (BCG), in isolation, to 
treat diabetic humans? Although a preliminary 
study with 17 newly diagnosed individuals 
appeared to show some therapeutic efficacy 
(13), three more extensive, double-blind trials 
failed to demonstrate a positive effect (/4). 
Likely explanations for the divergent outcomes 
are simply that FCA and BCG are different 
reagents, or that the footpad injection of FCA 
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used for mice and the subcutaneous injection of 
BCG applied to humans are radically different 
interventions, the former provoking a massive 
systemic inflammatory response (15) difficult 
to contemplate for human patients. 
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Immunological Reversal of 
Autoimmune Diabetes Without 
Hematopoietic Replacement of f Cells 


Anish Suri,* Boris Calderon, Thomas J. Esparza, Katherine Frederick, 


Patrice Bittner, Emil R. Unanue* 


Type 1 diabetes mellitus results from the autoimmune destruction of the B cells of the pancreatic 
islets of Langerhans and is recapitulated in the nonobese diabetic strain of mice. In an attempt to 
rescue islet loss, diabetic mice were made normoglycemic by islet transplantation and immunization 
with Freund’s complete adjuvant along with multiple injections of allogeneic male splenocytes. This 
treatment allowed for survival of transplanted islets and recovery of endogenous 8 cell function in a 
proportion of mice, but with no evidence for allogeneic splenocyte—derived differentiation of new 
islet B cells. Control of the autoimmune disease at a crucial time in diabetogenesis can result in 


recovery of B cell function. 


must be addressed for the successful treat- 

ment of type 1 diabetes mellitus (T1DM), 
an autoimmune disease in which T cells kill the 
B cells responsible for insulin production (J). 
The persistent autoreactivity to B cell antigens 
that characterize the disease needs to be con- 
trolled and the B cell mass, which is extensively 
reduced at the time of onset of clinical dis- 
ease, must be restored. A treatment protocol 
was recently developed in nonobese diabetic 
(NOD) mice, an extensively used model of 
T1DM, that resulted in cessation of autoim- 
munity and reversal of diabetes through the 
generation of new 6 cells from splenic cells 
(2, 3). Because of the importance of these con- 
clusions in offering novel clinical strategies for 
disease intervention, we repeated the same ex- 
perimental protocol as a prelude to further anal- 
ysis of the process. 

The major protocol from the paper of 
Kodama ef al. involved three experimental 
manipulations in female diabetic NOD mice 


I is now generally accepted that two issues 
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made between 7 and 20 days after the de- 
velopment of hyperglycemia (2, 3). First, a 
single subcutaneous injection of Freund’s 
complete adjuvant (FCA) was administered, 
which is known to stop the autoimmune pro- 
cess in diabetic NOD mice (4-6). Second, the 
mice were given a series of intravenous injec- 
tions of spleen cells derived from major his- 
tocompatibility complex (MHC)—mismatched 
donor Fl (CByB6F1) male mice. Finally, to 
control the hyperglycemia, syngeneic islets 
were transplanted under the capsule of one 
kidney. The mice were followed for a period 
of at least 120 days after transplant, at which 
time nephrectomy was performed to remove 
the islet grafts. Most mice remained normo- 
glycemic, which indicates that B cell function 
in the pancreas was restored during the time 
of immunological control (2). Moreover, the 
islets were reported to be derived from the 
injected spleen cells because they contained 
the male Y-chromosome marker of the in- 
jected male cells (2). 

In our experiments, female NOD mice were 
maintained on insulin for 7 to 20 days before 
the three treatments after the first indications of 
hyperglycemia, to ensure that the islet B cell 
mass was depleted (7). Mice that remained 
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were followed for at least 120 days after 
treatments. (The 31 transplanted mice that 
developed periods of hyperglycemia before 
the 120-day observation period were elimi- 
nated.) A nephrectomy, which also removed 
the transplanted islets placed under the cap- 
sule, was performed between days 120 and 
146 after transplantation. Examples of ex- 
perimental mice that reverted back to diabe- 
tes, or that maintained normoglycemia after 
nephrectomy, are shown in Fig. 1. The large 
majority of the mice (82%) subsequently 
reverted to the diabetic state (Table 1), which 
suggests that endogenous 8 cell function had 
not been restored in these individuals, and 
histological analysis confirmed the presence 
of very few small islets made up entirely of 
glucagon-positive cells (8). Thus, no insulin- 
positive cells were detected either in the few 
remaining small islets or in the ducts of 
revertant mice (8). In other experiments, the 
same manipulations were performed with FCA 
injections and islet transplants (5) but without 
the inocula of allogeneic cells. In this case, 20 
of 29 mice became normoglycemic, some for 
as long as >100 days (8), an indication that the 
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Fig. 1. Serum glucose levels of two representa- 
tive mice treated according to the major protocol 
of Kodama et al. (2, 7). Transplanted mice were 
followed for at least 120 days, after which the 
islet transplant under the kidney capsule was 
removed by nephrectomy. The day of nephrec- 
tomy for each animal is indicated in superscript. 
Of the two mice, one became diabetic immedi- 
ately after nephrectomy, whereas the other re- 
mained normoglycemic. 
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FCA injection was sufficient for control of the 
autoimmune process in these mice. 

In the four remaining mice of the original 
experiment (Table 1) that maintained normo- 
glycemia after nephrectomy, few islets were 
found, all of which contained about 75% or more 
glucagon- and somatostatin-positive cells (8). 
However, some islets also contained insulin- 
positive cells and were also positive for the B 
cell-specific transcription factor PDX-1 (fig. 
S1, A and B) (7, 9). A few cells were negative 
for insulin but positive for PDX-1, which sug- 
gests that such B cells had undergone extensive 
insulin degranulation (fig. S1B) (7). Fluores- 


cence in situ hybridization (FISH) analysis 
failed to detect the presence of Y chromosome— 
positive cells in any of the islets examined 
(Fig. 2A and fig. S2) (7). 

No evidence of chimerism of the F1 male 
cells in the NOD female mice was detected 
with flow cytometry analysis (Table 1 and fig. 
S3A) (7). Moreover, the spleen cells exhib- 
ited a mixed lymphocyte reaction when tested 
with irradiated F1 cells (Table 1 and fig. S3B) 
(7), and the sera contained alloantibodies 
against the Fl cells (Table 1 and fig. S3C) 
(7). Taken together, these demonstrate a clear 
host immune response against the injected 
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allogeneic male F1 cells. In addition, the 
spleen cells from the treated mice transferred 
diabetes when injected into NOD.scid recip- 
ients (Table 1 and fig. S3D) (7), which dem- 
onstrates that diabetogenic T cells had persisted, 
most likely in a quiescent state, in mice treated 
with FCA and F1 cells (5, /0). 

In the second of their protocols, Kodama 
et al. treated prediabetic NOD female mice with 
FCA and green fluorescent protein (GFP)— 
expressing male (CByB6F1) spleen cells (2). 
These mice failed to develop diabetes and 
expressed GFP in their islets. Repeating this 
second protocol, 12-week-old prediabetic NOD 


Table 1. Compiled results of 22 diabetic female NOD mice after 
nephrectomy. Mice marked with an asterisk (*) were transplanted with 300 
islets; all others received a transplant of 600 to 650 islets. The kidney 
containing the islet graft was removed between days 120 and 146 after 
transplant, after which most mice reverted to a diabetic state (“yes” in third 
column) and few remained normoglycemic (“no” in third column). Many 


transplanted mice were analyzed for the presence of chimerism (i.e., 
presence of CByB6F1 cells in spleen and peripheral blood); the presence of 
alloantibodies (Allo-Abs) to CByB6F1 cells in serum; the ability to mount a 
mixed lymphocyte reaction (MLR) against CByB6F1 cells; and the ability of 
their spleen cells to transfer diabetes into NOD.scid recipient mice. n.d., not 
determined. 


Transfer of diabetes into 


Mouse Nephrectomy (day) Diabetic Chimerism Allo-Abs MLR NOD.scid recipients 
2* 126 yes no 5/5 (100%) 
35D* 133 no no t 5/5 (100%) 
38* 133 yes no + { 3/3 (100%) 
61* 136 yes no t + 5/5 (100%) 
66 122 yes no + n.d. 3/3 (100%) 
79 146 yes no { } 4/5 (80%) 
122 130 yes no - - n.d. 
124 130 yes no | { 4/5 (80%) 
136D 124 no no + { 1/3 (33%) 
137 124 yes no t + 3/5 (60%) 
138 123 no no - n.d. n.d. 
140 138 no no - n.d. n.d. 
147 124 yes no - n.d. n.d. 
152 120 yes no - n.d. n.d. 
157 139 yes n.d. n.d. n.d. n.d. 
158 134 yes n.d. n.d. n.d. n.d. 
164 134 yes n.d. n.d. n.d. n.d. 
159 132 yes n.d. n.d. n.d. n.d. 
160 132 yes n.d. n.d. n.d. n.d. 
166 128 yes n.d. n.d. n.d. n.d. 
174 121 yes n.d. n.d. n.d. n.d. 
175 125 yes n.d. n.d. n.d. n.d. 
A B Fig. 2. (A) FISH analy- 
Male Control f1-GFP NOD #15 #16 #17 #18 #19 __ sis of islets from mouse 
138 to detect the pres- 
Gre -- ence of Y chromosome 
(18). Nuclei are stained 
DAPI GAPDH @p eam a ae Pa vith 4’ 6’-diamidino- 
2-phenylindole (DAPI). 
Positive control is indi- 
cated. Islets are indicated by arrows. (B) Experiment searching for GFP-positive 
Male Control cells in islets. Immunoblot analysis of pancreatic extracts from F1-GFP, NOD or 
five experimental mice of protocol 2 (15 to 19) searching for GFP. Glyc- 
eraldehyde phosphate dehydrogenase (GAPDH) was used as an internal 
Y-Chr loading control. Although the control was positive, none of the extracts from 
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the experimental mice were reactive with GFP antibodies. 
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female mice received a single injection of FCA, 
along with four injections of GFP-expressing 
CByB6F Ispleen cells (5 x 10° per injection, 
administered over 2 weeks). Included was a 
control group of 12-week-old prediabetic NOD 
female mice that received a single injection 
of FCA alone. In both cases, all mice were 
protected from diabetes (fig. S4) (7). More- 
over, intact islets, some with evidence of insulitis, 
were present in both groups of protected mice. 
However, we failed to detect GFP* cells by 
immunohistochemistry or Western blot analyses 
(Fig. 2B). In addition, spleen cells from GFP- 
treated mice retained the capacity to transfer 
diabetes into third-party NOD.scid recipients 
(fig. $5) (7). 

In our experiments, no evidence of re- 
placement of islets by the allogeneic spleen 
cells was observed. Moreover, immunologi- 
cal reaction to the injected cells was seen, as 
would be anticipated. Finally, the presence of 
diabetogenic T cells, albeit in a quiescent 
state, indicated that the abnormal autoim- 
mune process persisted in these treated mice. 
It is likely that the normoglycemia observed 
in the four mice from the original protocol 
resulted from a few B cells that had survived 
the initial T cell attack and subsequently 
expanded to maintain blood glucose levels. 
Potentially, these could derive from precursor 
cells found in ducts or from surviving pre- 
existing B cells, which is consistent with a 
similar conclusion found in two recent studies 
(11, 12). We also examined the pancreas of 14 
diabetic mice maintained on insulin for 2 to 3 
weeks, that is, under the same initial situation 


as the mice in the original protocol. We ob- 
served in this experiment a large variation in 
the number of surviving islets and B cells, with 
3 of the 14 mice examined containing about 6% 
of the normal content of B cells and the rest 
having less (fig. S6A) (7). Most of the islets 
were abundant in glucagon-positive cells, 
although some cells were PDX-1 positive 
but negative for insulin (fig. S6B) (7). Thus, 
even in the presence of marked hyper- 
glycemia, an indication of advanced diabetes, 
some B cells can survive for at least a period 
of time. It is possible that, as their insulin 
content decreases, the surviving B cells be- 
come less susceptible to attack by the insulin- 
specific T cells that dominate the immunolog- 
ical reaction (J3—15). It is noteworthy that at 
the time of the first reading of hyperglycemia, 
the number of B cells was decreased by 71% 
in five mice examined. Between the time of 
the first evidence of hyperglycemia and the 
time the protocol was started [that is, 7 to 20 
days (2, 3)], there was a precipitous drop in 
islet B cell numbers. Along these lines, other 
studies demonstrated the successful reversion 
of disease with antibodies to CD3 or CD4 
molecules, but only in newly diabetic NOD 
mice (/6, 17). In sum, the present findings in 
the 20% of mice displaying restored islet 
function when there is immunological regu- 
lation indicate that some 6 cells survived 
immunologic attack. Finding means of pre- 
serving these cells and stimulating their 
expansion could represent an exciting new 
approach to the prevention and treatment of 
TIDM. 
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Synergistic Antitumor Effects of 
Immune Cell-Viral Biotherapy 


Steve H. Thorne,? Robert S. Negrin,” Christopher H. Contag’* 


Targeted biological therapies hold tremendous potential for treatment of cancer, yet their 

use has been limited by constraints on delivery and effective tumor targeting. We combined 
an immune effector cell population [cytokine-induced killer (CIK) cells] with an oncolytic viral 
therapy to achieve directed delivery to, and regression of, tumors in both immunodeficient 
and immunocompetent mouse models. Preinfection of CIK cells with modified vaccinia virus 
resulted in a prolonged eclipse phase with the virus remaining hidden until interaction with 
the tumor. Whole-body imaging revealed that the cells retained their ability to traffic to 

and to infiltrate the tumor effectively before releasing the virus. These results illustrate 

the potential of combining biotherapeutics for synergistic effects that more effectively 


treat cancer. 


variety of immune cell-based cancer 
Awenes have been proposed, many 

of which rely on the identification of 
tumor-associated antigens that are often weak- 
ly expressed on only a subset of tumor cells. 
Cytokine-induced killer (CIK) cells are a pop- 
ulation of cells derived from human periph- 
eral blood or mouse splenocytes after ex vivo 
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expansion with interferon-y, CD3-specific anti- 
body, and interleukin-2 (/, 2). They bear pheno- 
typic markers of natural killer (NK) and T cells, 
express the receptor natural killer group 2D 
(NKG2D), and are not major histocompatibility 
complex (MHC)-testricted. Instead, they medi- 
ate killing of tumor cells through recognition 
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pressed on the tumor cell surface (NKG2D 
ligands) (3). CIK cells, therefore, do not rely 
on one antigen. They have been shown to 
target a variety of tumors and can exert their 
cytotoxic effects following systemic delivery 
(4). Previous imaging studies in mice showed 
that, by 72 hours after intravenous delivery, 
CIK cells were localized primarily at the 
tumor site (4). 

We reasoned that we could further function- 
alize the CIK cells by combining them with the 
enhanced tumor-killing capabilities of oncolytic 
viruses. Oncolytic viruses are replication-selective, 
or tropism-modified, viruses that complete a 
successful infection cycle only within trans- 
formed cells (5). The early success and lessons 
learned from first-generation adenovirus-based 
vectors, notably ONYX-015 (6), have led to the 
development of alternative oncolytic vectors 
based on other well-studied viruses, including 
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Fig. 1. Vaccinia virus displays 
unusual replication kinetics and 
increased cytopathic effect in 
human CIK cells. (A) Viral 
replication was followed for 
different vaccinia strains [WR 
(parental strain) (m); WR TK” 
(A); WR VGF” (¥); wDD (¢)] in 
human CIK cells (blue lines) 
and OCI-ly8 cells (human lym- 


phoma, green lines) after infection at a multiplicity of infection (MOI) of 
1.0 plaque-forming units (PFUs) per cell (* burst WR relative to vwwDD in 
CIK; P = 0.034, t test). (B) Cytopathic effect on UCI-101 human ovarian 
cancer cell monolayers was measured in a cell viability assay at 72 and 
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Fig. 2. In vitro interactions between human CIK cells, vvDD, and tumor cells. (A) Effects of 
preinfection on the cytolytic ability of CIK cells. UCI-101 target human ovarian tumor cells 
expressing luciferase were mixed with different numbers of CIK effector cells (ratios of 100:1, 
50:1, 20:1, 10:1, and target only; left to right). CIK effector cells were uninfected (none) or 
preinfected with vwwDD for 24, 48, or 72 hours. Luciferase output was measured as an indication of 
target cell survival after 4 hours. (B) Infected tumor cells display increased susceptibility to CIK cell 
killing. SKOV-3 target human ovarian tumor cells expressing luciferase, alone or preinfected with 
wDD for 24 hours, were mixed with CIK cells at effector:target ratios of 20:1. In some experiments, 
CIK cells were premixed with NKG2D-blocking antibody. Luciferase signal was measured after 8 
hours (*P = 0.0076, t test; error bars, SEM). Infected targets are killed more effectively by CIK 
cells; this success appears to be mediated by NKG2D on CIK cells and recognition of its ligands on 


the tumor target. 


strains of poxviruses, such as vaccinia virus 
(7). Vaccinia, unlike most viruses proposed 
for use in virotherapy, has the advantage of 
systemic delivery potential and has a long 
history of use in humans, both during the 
smallpox eradication campaign and also as a 
tumor vaccine and oncolytic agent (8). How- 
ever, because the virus infects many different 
cell types, only a small fraction of the inoc- 
ulum of any strain used for virotherapy may 
reach the tumor, and this is likely to be fur- 
ther reduced in previously vaccinated individ- 
uals. Therefore, development of an effective 
means of delivering oncolytic viruses to tu- 
mor targets is needed. Here, using syngeneic 
and xenograft mouse models, we investigate 
the efficacy of a clinically relevant dual bio- 
therapy that combines immune cell-mediated 
systemic delivery with the oncolytic ability of 
viruses. 

We first determined the replication kinetics 
in human CIK cells of selected vaccinia virus 
strains and their parental strain (Western Re- 
serve, WR). In contrast to the rapid and lytic 
replication seen in other cell lines such as the 
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human lymphoma OCI-ly8 (Fig. 1A), all vac- 
cinia strains displayed a two-step growth 
curve in CIK cells, with an initial extended 
eclipse period of slow replication followed by 
a rapid burst of replication 48 to 72 hours after 
infection. Poxviruses have been proposed to 
spread systemically after initial infection both 
as free virus and within infected hemato- 
poietic cell populations (secondary viremia) 
(9), and these unusual replication kinetics may 
be characteristic of such spread. Deletion of the 
viral thymidine kinase (TK) gene restricts viral 
replication to cells in the G, and S phases of 
the cell cycle, during which the cells have 
elevated, compensatory levels of TK (J0, 11), 
and to cancer cells, where TK activity is con- 
stitutively high (2). TK-deleted vaccinia 
replicated both in the CIK cultures, where cell 
division was stimulated, and in tumor cells 
(Fig. 1A). The vaccinia viral growth factor 
(VGF) gene product promotes host cell growth 
after secretion from infected cells, by interact- 
ing with cellular growth factor receptors (/3). 
VGF deletions restrict viral replication to cells 
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96 hours after addition of different doses of human CIK cells (W), vwwDD 
(m), or preinfected CIK cells (#). The replication of vaccinia in CIK is 
delayed, and preinfected CIK cells are more tumoricidal than either agent 


protein kinase/extracellular signal-regulated ki- 
nase (Ras/MAPK/ERK) pathway (/4), offering 
additional tumor selectivity, while having a 
minimal effect on viral replication in CIK cells, 
which do not express growth factor receptors 
(Fig. 1A). A high degree of tumor selectivity, in 
culture and in vivo, has been demonstrated for a 
double-deleted vaccinia virus (vvDD) containing 
deletions in both TK and VGF (/5). CIK 
cultures infected with vvDD produced almost 
no virus during the first 48 hours (Fig. 1A and 
fig. S1). Infection of human or mouse CIK cells 
with vvDD did not affect the expression of 
CIK phenotypic markers [CD3 and CD16/ 
CD56 (human) or DX5 (mouse)] or NKG2D 
levels (fig. S2). In addition, infected CIK 
cells did not appear to present vaccinia an- 
tigens on their surface and were unaffected in 
their ability to produce interferon-y (fig. S2). 
These data support the potential of CIK cells 
as carrier vehicles to deliver oncolytic vvDD 
to tumors. 

We next investigated the interactions be- 
tween CIK and tumor cells when either was in- 
fected with virus. vvDD-infected human CIK 
cells were highly effective for destroying human 
ovarian tumor cell monolayers in vitro (Fig. 
1B), with a burst of cell killing between 72 and 
96 hours after treatment. This correlated with 
the dispersal of virus from CIK cells onto the 
tumor cells instead of the slower cell-to-cell 
spread and plaque formation seen with virus 
alone (fig. S1B). When infected, CIK cells also 
retained their ability to kill the tumor targets 
(Fig. 2A). 

CIK cells recognize NKG2D ligands on tar- 
get cells (3), which are usually up-regulated un- 
der conditions of cellular stress, such as those 
encountered in the tumor microenvironment or 
after viral infection (16). Two of the best char- 
acterized NKG2D ligands in humans are MHC 
class I polypeptide-related sequences A and B 
(MICA and MICB) (/7, 18). We found that the 
surface expression levels of these proteins in the 
tumor cells directly correlated with their sen- 
sitivity to CIK cell-mediated killing (fig. S3). 
Furthermore, infection of the SKOV-3 cell line 
with vvDD virus resulted in an increase in 
the percentage of cells expressing MICA or 
MICB and increased the sensitivity of this 
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Fig. 3. Efficient trafficking of infected CIK cells to tumors improves delivery of 
oncolytic viruses. (A) Mice on the right received wDD virus encoding 
luciferase alone (1 x 107 PFU; denoted V) or on the right in preinfected 
CIK cells (1 x 107 cells preinfected with virus at a multiplicity of infection of 
1.0, 2 hours before delivery; denoted CV) via tail vein injection on day 0. Mice 
were imaged at the times indicated (in days post therapy) using an IVIS200 
system (Xenogen Corp., Alameda, CA). nu/nu mice bearing UCI-101 
xenograft human ovarian tumors (top) received human CIK cells; BALB/c 
immunocompetent mice bearing 4T1 murine mammary tumors (bottom) 
received murine CIK cells (arrows point to tumors). (B) At day 3 after treatment, 
bioluminescent and fluorescent signals were imaged. Mice were treated as 
before, but some received wDD encoding green fluorescent protein (right 
panels), and all were imaged using a spectral unmixing camera (Maestro, CRI 
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Ltd., Woburn, MA) to detect fluorescent signals and to demonstrate uniform 
distribution in tumors after viral delivery in CIK cells and nonuniform 
distribution in tumors where virus was given alone. (C) Quantification of 
bioluminescence output per tumor is plotted over time as an indication of viral 
gene expression for mice treated with wDD or CIK cells preinfected with wDD. 
Values are averages for three animals per group, error bars are SEM; P = 
0.0079 for nu/nu mice (closed symbols) (day 35) and P = 0.0089 for BALB/c 
mice (open symbols) (day 20) (¢ test). (D) BALB/c mice bearing 411 murine 
mammary tumors were treated with murine CIK cells labeled with Cy5.5 dye, 
alone or after wDD preinfection. Fluorescence imaging 72 hours after tail 
delivery was performed using an IVIS200 system. ClK-mediated delivery was 
more uniform than virus only, and preinfection did not prevent CIK trafficking 
to tumors. 


otherwise resistant tumor cell to CIK-mediated 
lilling (P = 0.0076), an effect that was re- 
versed by addition of NKG2D-blocking anti- 
body (Fig. 2B). 

To investigate the in vivo trafficking of pre- 
infected CIK cells to tumors and the subsequent 
biodistribution of virus, we used noninvasive 
optical imaging. Human CIK cells were used in 
immunodeficient mice with xenografts of hu- 
man ovarian tumors, and murine CIK cells 
were used in immunocompetent mice with 
murine breast cancers. Although vaccinia 
replicates to significantly lower levels in mouse 
cells, the immunocompetent models allow the 
study of trafficking in the presence of an in- 
tact immune system. Luciferase-labeled vvDD 
and bioluminescence imaging revealed the 
distribution and duration of viral gene ex- 
pression (Fig. 3). At 24 hours after injection, 
we observed the same pattern of viral gene 
expression within the lung, liver, and spleen, 
regardless of viral delivery method. However, 
the ratios were different. Virus delivered alone 
produced signal predominantly in the spleen, 
whereas virus within CIK cells produced sig- 
nal predominantly in the lungs. Although the 
systemic delivery potential of vaccinia to tu- 
mors has been described previously (/5, 19), 
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we observed a delay in detectable tumor sig- 
nal following intravenous delivery of virus 
alone in immunocompetent mice compared 
with immunodeficient animals. By compari- 
son, the use of preinfected CIK cells to de- 
liver virus to the tumor resulted in the same 
patterns of viral biodistribution regardless of 
immune status or species of CIK origin (Fig. 
3, A and B), with very little virus detected in 
any organ other than the tumor by 48 hours 
after treatment. The two delivery methods 
produced equivalent levels of viral gene 
expression from the tumor by 3 days after 
treatment (Fig. 3, B and C). Signals in the 
immunocompetent mice were weaker and 
began to decline earlier because of poor 
replication in murine cell lines and clearance 
by the immune response. Signal from CIK 
cell-delivered virus was sustained within the 
tumor for longer periods of time compared 
with signals for virus alone (Fig. 3C). 
Labeling of CIK cells, by conjugation to a 
fluorescent dye (Cy5.5) or with luciferase, be- 
fore intravenous delivery enabled visualization 
of cells at the tumor site (Fig. 3D and fig. S4). 
Preinfection with vvDD did not affect the 
trafficking of CIK cells to syngeneic or 
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CIK cells carry the virus to the tumor. When 
mice bearing CIK-resistant SKOV-3 tumors 
were treated, accumulation of CIK cells was 
not observed in the tumor unless they were 
infected with vvDD virus (fig. $4), and this 
accumulation was found to colocalize to 
regions of the tumor where MICA or MICB 
had been up-regulated by vvDD infection (fig. 
S5). Also, it was found that, whereas vvDD 
delivered alone initially infected only tumor 
cells surrounding the vasculature, vvDD- 
infected CIK cells were capable of carrying the 
virus into the tumor mass and away from the 
vasculature (fig. S6). This produced more 
uniform distribution of viral infection within 
the tumor, which would likely contribute to sus- 
tained viral gene expression and increased tumor 
destruction in vivo. 

To investigate the in vivo efficacy of the 
combination therapy, we first treated immuno- 
deficient mice bearing xenografts of human 
ovarian tumor cell lines (Fig. 4A). Mice bearing 
established peritoneal tumors were treated with 
a single tail vein injection of each therapy. CIK 
cells alone were able to extend the median 
survival of mice bearing UCI-101 tumors by 8 
days but had no effect on mice bearing the CIK- 
resistant SKOV-3 tumors. vvDD virus alone 
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compared with any other treatment (log rank test; P = 
<0.05). [e.g., CIK+-vwwDD compared with wDD alone; P = 
0.0072 (UCI-101) or 0.0379 (SKOV-3)]. Animals were 
followed for 90 days to verify no relapse. (B) The tumor 
burden (measured by bioluminescence imaging) for each 
individual animal from (A) was plotted against time (left 
panels, UCI-101; right panels SKOV-3). A single intra- 
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venous treatment was delivered on day 3 (arrows). Gray shaded area indicates range of tumor burden for the PBS-treated group. (C) Survival curves of 
immunocompetent BALB/c mice bearing murine breast cancer JC tumors (implanted into the fat pad, treated when 50 to 100 mm3?) after a single intravenous 
treatment with PBS alone; both murine CIK cells and wDD were delivered separately; versus CIK cells preinfected with vwwDD. The last-mentioned therapy 
significantly increased survival compared with the two therapies delivered separately (P = 0.0046) and control animals (P < 0.0001) (log rank test). 


also increased median survival in both mouse 
models (by 15 to 16 days), with some animals 
(<30%) showing complete responses (Fig. 4A). 
In contrast, the combination therapy produced 
significantly increased survival compared with 
either therapy alone (P < 0.01). Mice bearing 
UCI-101 tumors showed a 100% complete re- 
sponse rate. The combination therapy also dis- 
played a 62% increase in complete responses 
against SKOV-3 tumors compared with just the 
vvDD vector (P = 0.0379), despite the fact that 
the CIK cells alone had no effect against these 
tumors. Plots of the tumor burden in individual 
animals (Fig. 4B) indicated that single vvDD or 
human CIK cell therapy against sensitive tu- 
mors produced an initial response but that the 
tumors subsequently relapsed. Mice with com- 
plete responses were followed for up to 90 days 
with no evidence of tumor relapse or any tox- 
icities attributable to the therapy. As the immune 
response is a major limitation to the delivery 
of viruses to tumors, the same experiment was 
repeated in immunocompetent mice bearing 
murine breast cancers. Mice bearing breast 
adenocarcinoma JC tumors implanted into the 
mammary fat pad (tumors 50 to 100 mm?) were 
either treated with a single tail vein injection 
of preinfected CIK cells or with both CIK 
cells and vvDD delivered separately but on 


a complete response, whereas mice treated 
with preinfected CIK cells showed a much 
higher incidence of complete response (six 
out of eight), which demonstrated that pre- 
infection is essential for the synergistic 
effects of the combined therapy. Similar 
results were seen in immunocompetent mice 
bearing the highly aggressive 4T1 mammary 
tumor cell lines (fig. S7). Although less than 
half the U.S. population has been vaccinated 
against smallpox, and most vaccinations took 
place over 30 years ago, there is evidence 
that immunity is long-lasting (20), and this 
may limit the effectiveness of this therapy. 
However, immunity is measured against 
naked virus, and so it is possible that infected 
CIK cells, which do not appear to present 
viral antigens (fig. S2B), may evade an im- 
mune response. 

In conclusion, the benefits of exploiting 
naturally occurring biological phenomena in the 
treatment of disease are well known. Here we 
exploit the ability of certain viruses to con- 
ceal themselves within hematopoietic cells in 
order to take advantage of natural tumor 
trafficking of some immune cells to deliver 
a virus efficiently to the tumor. Cole et al. 
(21) recently reported that T cells targeted to 
an artificial antigen could deliver a non- 


antigen, which demonstrated the use of im- 
mune cells to deliver agents to tumor tar- 
gets. However, because the therapeutic use 
of cells with a specific T cell receptor has 
been limited by a lack of suitable tumor 
antigens and the ability of many tumors to 
inhibit T cell activity (22) and because ret- 
roviral gene therapy vectors have been with- 
drawn from clinical trials after insertional 
mutagenesis led to serious adverse events 
(23), the clinical utility of this approach is 
unclear. Each of the therapies in the current 
report has shown some success in the clinic 
(24, 25), and their demonstrated synergy now 
offers the potential of a targeted, biological 
therapy with systemic delivery, minimal tox- 
icities and significant antitumor effects that 
could translate directly to the treatment of 
patients. 
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Conical Tube Centrifuge Adapter 


NEVWVPRODUCT 


A new adapter spins 50-ml conical tubes in the Allegra X-15R and X-12 series 
benchtop centrifuges. The new adapter accommodates 28 tubes per run ina 
BioCertified, self-balancing rotor and is suitable for cell harvesting and blood 
separation applications. The adapter runs at up to 5,250 x g in the Aries 4 x 750 
mL self-balancing rotor, which detects and automatically corrects for imbalance, 


continuing the run without shutdown. 


Beckman Coulter For information 800-742-2345 |www.beckmancoulter.com] 


Small Nucleic Acid PAGE 

ElectroSNAP is a proprietary acrylamide buffer 
blend that is a convenient solution to everyday 
polyacrylamide gel electrophoresis (PAGE) of 
small-size DNA and RNA (> 20 bp). ElectroSNAP 
is mainly used in the preparation of polyacry- 
lamide gels that can be used in routine analysis of 
polymerase chain reaction (PCR) products, for 
monitoring nuclease and ligase reactions, and for 
the chemical modification of oligonucleotides, 
analysis, and small-scale purification of 
nucleotide from mixtures of oligonucleotides. 
ElectroSNAP is formulated to resolve even smaller 
oligonucleotides and nucleic acid fragments 
using lower concentrations of polyacrylamide 
gels that tris-borate-EDTA (TBE), a commonly 
used buffer for nucleic acid analysis. 

Amresco For information 800-448-4442 


www.amresco-inc.com 


Yeast Transformation Kit 

Arapid, single-step yeast transformation kit takes 
less than 10 min to prepare competent yeast cells. 
The cells can be used immediately or frozen for up 
to one year. The kit is suitable for both circular and 
linear plasmid transformations and has a high 
transformation efficiency, producing about 10° 
transformations per microgram of circular DNA. 
The kit covers a broad spectrum of yeasts. 
Genotech For information 314-991-6034 


Genome Amplification 

The GenomePlex Whole Genome Amplification 
(WGA) family of products has two new additions: 
the GenomePlex Complete WGA Kit and the 
GenomePlex WGA Reamplification Kit. The kits are 
designed to meet researchers’ needs for increased 
amplification accuracy and preserving precious 
source material. The GenomePlex Complete WGA 
Kit contains an optimized enzyme that provides 
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increased accuracy in amplification by producing 
no amplicon in the negative control reactions. 
Assays using the kit provide results showing com- 
plete representation of the entire genome with no 
detectable allele bias. The Reamplification Kit 
allows subsequent reamplifications of the initial 
whole genome amplification product. The succes- 
sive reamplification process provides microgram 
quantities of DNA with little genetic bias when 
compared with the original genome. 
Sigma-Aldrich For information 800-521-8956 


lww.sigma-alaricn.com 


MicroRNA Detection 

The miRCURY Arrays are for sensitive profiling 
of microRNAs in human, mouse, and rat. The 
miRCURY Array product allows for microRNA 
expression profiling in samples down to 1 wg of 
labeled total RNA. The miRCURY product series 
also includes the miRCURY Array Labeling Kit for 
direct labeling of microRNAs from total RNA. 
The kit provides microRNA labeling on as little 
as 1 wg of total RNA in 1.5 hours. The labeling 
kit includes one or two colors for comparative 
experiments and provides uniform, sequence- 
independent labeling. 

Exiqon For information 45 45 65 04 20 


ww.exiqon.com| 


Confocal Imager 

The ImageXpressUltra is a high-speed, laser- 
scanning, confocal imager. The benchtop system 
features up to four configurable solid-state 
lasers. Its throughput and resolution are compa- 
rable to larger, more expensive confocal com- 
mercial systems. It is available with a robotic 
plate handling option for high-throughput 
image-based screening. The ImageXpressUltra 
system complements the ImageXpressMicro 
wide-field charge-coupled device imager, both 
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Acquisition software and integrated into the 
modular image analysis and cellular informatics 
software, AcuityXpress. 

Molecular Devices For information 408-548-6344 


www.moteculardevices.com 


shRNA Libraries 

The Mission TRC shRNA (small hairpin RNA) 
library line has been expanded to include puri- 
fied plasmid DNA in addition to the previously 
released frozen bacterial glycerol stock format. 
This new format of the lentiviral-based shRNA 
clones, which target human and mouse genomes 
for RNA interference-mediated gene silencing, 
will save researchers time and expense in purify- 
ing transfection-quality plasmid DNA. 
Sigma-Aldrich For information 314-286-7626 


For more information visit Product-Info, 
Science's new online product index 
at |http:/science.labvelocity.com 
From the pages of Product-Info, you can: 
* Quickly find and request free 


information on products and services 
found in the pages of Science. 

* Ask vendors to contact you with more 
information. 


* Link directly to vendors’ Web sites. 


Newly offered instrumentation, apparatus, and laboratory 
materials of interest to researchers in all disciplines in academic, 
industrial, and government organizations are featured in this 
space. Emphasis is given to purpose, chief characteristics, and 
availability of products and materials. Endorsement by Science 
or AAAS of any products or materials mentioned is not implied. 
Additional information may be obtained from the manufacturer 
or supplier by visiting[www.science.labvelocity.comjon the Web, 
where you can request that the information be sent to you by 
e-mail, fax, mail, or telephone. 
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Accurately Measure Your Toxicity Level 


The LDH Cytotoxicity Detection Kit is a simple, sensitive, non-radioactive 
assay which measures cell viability. It is based upon the measurement of 
lactate dehydrogenase (LDH) released by damaged cells into the cell culture 
supernatant. With this kit, LDH present in the culture supernatant partici- 
pates in a coupled reaction converting yellow tetrazolium salt (INT) into red 
formazan product. The amount of enzyme activity, measured as absorbance 
using a microplate reader at 490/492 nm, correlates to the number of dam- 
aged cells in the culture. 


e Measures LDH Enzymatic Activity: from damaged cells. 


e Accurate Correlation: between the number of damaged cells 
and kit results. 


¢ Detects Low Cell Numbers: (i.e. 0.2-2 x 10* cells/wells). 


The Premix WST-1 Cell Proliferation Assay System allows fast and easy 
colorimetric measurement of cell proliferation and viability of cells cultured 
in 96-well plates. This system provides a non-radioactive and spectrophoto- 
metric method of determining cell proliferation and viability without harvest- 
ing or washing steps, and can be performed in a single multi-well plate. 


Convenient: no washing steps or harvesting. 


Accurate: conversion of tetrazolium salt strongly correlates 
with metabolic activity. 


Sensitive: low cell numbers can be used. 


Fast: multiple plate reads over several time points. 


The Premix WST-1 Cell 
Proliferation Kit uses a col- 
orimetric change from WST1 
to Formazan to detect cell 
proliferation and viability. 


sitive 


Formazan a 
(slightly red) (dark rad) EC = electron coupling 


reagent RS = mitochondrial 
(EC = electron coupling reagent, RS = mitochondrial succinate- succinate-tetrazolium- 
tetrazolium-reductase system) reductase system 
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<i) Cell Signaling in Cancer Research 
SEEKING NEW BATTLE PLANS 


To fight cancerous cells, scientists continually seek new strategies. Some of the latest treatments target 
specific cancerous cells for destruction, thereby leaving healthy cells less affected. In other cases, new ther- 


apies starve cancerous cells. Many of these approaches depend on understanding how signals control and— 
hopefully—can be commandeered to contain the division of cancerous cells. by Mike May and Gary Heebner 


ancer continues to cause a major public health crisis. 

According to the World Health Organization’s statistics: 

more than 11 million new cases of cancer are diagnosed 
every year, and it accounts for seven million deaths annually, 
which makes up 12.5 percent of all deaths worldwide. By 2020, 
the WHO estimates that 16 million new cases of cancer will 
appear annually. In spite of the increase in cancer incidence, the 
National Cancer Institute’s late-2005 biannual update indicates 
decreases in deaths from some forms of cancer: breast, colorectal, 
lung, and prostate. 

In industrialized countries, the increasing age of the population 
accounts for much of the growth in cancer diagnoses. In addition, 
Robert A. Weinberg, the Daniel K. Ludwig and American Cancer 
Society Professor for Cancer Research at the Massachusetts 
Institute of Technology, says, “The number of cases is also an arti- 
fact—the more you look, the more you find.” The good news is that 
“the age-adjusted death rate from cancer [1.e., per 100,000 popula- 
tion] is declining with the exception of tobacco-related cancers,” 
says Weinberg. 

Whatever causes the number of people diagnosed with cancer to 
grow, the cancer therapeutic market grows with it. According to IMS 
Health, drug sales for cancer treatments are expected to more than 
double in the next five years. That could make oncology therapeutics 
the fastest-growing drug sector, according to RBC Capital Markets. 

The key, though, to fighting cancer through better therapeutics 
depends on a better understanding of the basic biology of this dis- 
ease. “The major challenge in cancer research is pinpointing causes 
of cancer on a molecular level,” says Bernhard Zimmermann, head 
of product management of the advanced imaging microscopy divi- 
sion at Carl Zeiss. “One needs a good understanding of signaling 
pathways, because that is the ultimate basis to designing more spe- 
cific drugs or vaccines.” 


Inclusion of companies in this article does not indicate endorsement by 
either AAAS or Science, nor is it meant to imply that their products or serv- 
ices are superior to those of other companies. 


Causes of Cancer 

A variety of causes generate cancer, according to Weinberg. Cancer 
incidence can be affected by lifestyle choices, such as using tobacco 
products, and obesity, which comes from too many calories and too 
little exercise. There can also be heritable—or genetic—causes of 
cancer. “To a very small, extent,” says, Weinberg, “cancer can come 
from environmental pollution, but that is very minimal.” 

No matter what causes cancer, though, it involves cell signaling at 
some level. Alan Barge, vice president of clinical oncology at 
AstraZeneca, says, “All cancer cells derive an advantage because 
they either dysregulate, upregulate, or disinhibit pathways that give 
these cells a proliferate advantage.” He adds, “Signaling is mechanis- 
tically involved in any growth advantage.” 

Fighting this disease depends on many factors. “The fundamental 
challenge continues to be the translation of the numerous discoveries 
of the last two decades about malfunctioning signals into effective 
anticancer drugs,” says Weinberg. Knowing where to go next, how- 
ever, can prove difficult. Still, Weinberg believes that drugs that tar- 
get specific proteins and antibodies that neutralize angiogenic factors 
are some of the most promising potential therapies ahead. 


Selecting Cells 
To study cancer, investigators need the right materials—to either watch 
the normal progression of a tumor or to expose it to potential therapeu- 
tics and examine the effects on its 
growth. This type of work often 
involves cell culture and specific 
cancer cell lines. For culture 
media, researchers can turn to 
many companies, including 
Cambrex, HyClone, Mediatech, 
and Sigma-Aldrich. For cell 
lines, scientists can find many O 
types from ArtisOptimus, ATCC, 
Cambrex, and Clontech (a divi- 


sion of Takara Bio). 
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D.G. Ferneyhough, marketing segment manager of the cell biology 
business unit at Cambrex, says, “Some cancers are very heteroge- 
neous. The bottom line is that researchers want a model system that 
represents the disease.” 

Cambrex not only offers a wide range of cell culture media and 
reagents but also markets its Clonetics Skin Cell Systems and 
Models. “A cell system means a primary cell and a media culture 
system that is designed to make that cell act, in many ways, like it 
does in vivo,” says Ferneyhough. “Our cell systems provide cells that 
perform to a certain set of specifications—month after month, year 
after year.” Building consistency into a cell system depends on many 
variables. Mark Powers, senior research and development project 
group leader at Cambrex, says, “For cells in culture, the environ- 
ment—chemical and physical—is extremely important. Cancer cells 
behave differently in different environments, even based on nearby 
cytokines and oxygen levels. So we try to recreate that in vitro.” 

For the Clonetics Skin Cell Systems, Cambrex offers various cell 
types: keratinocytes, dermal fibroblasts, and melanocytes. Powers 
says, “These are the basic components of skin that researchers can 
probe individually.” Ferneyhough adds, “Some researchers use our 
cells to make more complex skin models. Potentially, those could be 
used to understand issues like UV [ultraviolet damage], or looking 
for molecules that would protect against UV damage.” 


Observing Carcinomas 
To fight cancer, investigators probe continually deeper into the 
mechanics of this disease. That often involves microscopy. As 
Zimmermann explains, “Microscopy has a long history in accompa- 
nying surgery. A surgeon takes a biopsy, and then a pathologist exam- 
ines the sample microscopically for disease.” Such examinations play 
a fundamental role in treating cancer. Likewise, microscopy impacts 
basic cancer research. Several manufacturers—including Carl Zeiss, 
Leica, Nikon, and Olympus—have been designing and producing 
light microscopes for both research and clinical use for many years. 
The keys to understanding cancer probably lie in microscopic, 
and submicroscopic, details. Zimmermann says, “When we talk 
about cancer or signaling pathways on cellular or organismal levels, 
it’s critical to understand the underlying protein networks in cells, tis- 
sues, or organs.” This, however, poses a tricky challenge. “These net- 
works are very complex,” says Zimmermann, “They are dynamic in 
space and in time. To understand the cause of a specific cancer, you 
need to know where and when things are happening and that is what 
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Summarizing the Signals 


The Signal Transduction Knowledge Environment (STKE) 
website brings together a wide range of information. Bryan 
Ray, senior editor at Science, says, “In some ways, it is like an 
electronic review journal, but it is more than that. It features 
original reviews, perspectives, and protocols.” This site also 
provides subscribers with alerts, saved searches, and other 
features. For example, Ray says, “In ‘This Week in Signal 
Transduction,’ the editors scan the journals published that 
week and present short summaries of the highlights.” This 
site also provides useful sections that are free, including 
Teaching Resources and Connections Maps, which is a data- 
base that gives graphical displays of signaling pathways and 
links those to information about various components. These 
maps will continue to grow. As Ray says, “Signaling research 
is hot and shows no signs of cooling off.” 


i! A A or: 


microscopy provides.” He adds that confocal microscopy delivers 
particularly good spatial resolution and that modern fluorescence 
labeling techniques add specificity, “letting you take virtually any 
protein and label it.” 

One of the newest confocal products from Zeiss is the LSM 5 
LIVE. Zimmermann says, “The LSM 5 LIVE gives the three-dimen- 
sional resolution of a confocal microscope, dramatically improves 
sensitivity, and adds high speed image acquisition.” He adds, “Some 
processes are so fast that you need millisecond time resolution or bet- 
ter, and the LSM 5 LIVE gives that.” In addition, the LSM 5 LIVE 
DuoScan includes a second scanner, and this microscope provides 
sample manipulations. Zimmermann says, “Researchers can perform 
highly localized photomanipulation with this microscope. For exam- 
ple, you could use a laser to release biologically active substances in 
a sample and monitor the resulting reaction with extremely high spa- 
tiotemporal resolution.” 

In thinking of these microscopes related to cancer research, 
Zimmermann says, “I would argue that confocal microscopy is a 
basic tool in cancer research, a household technology.” Just before 
being interviewed, Zimmermann searched Google Scholar for publi- 
cations mentioning the LSM 510—another Zeiss confocal micro- 
scope—and cancer or carcinoma, and he got almost 3,000 hits, many 
of them from just the past few years. 


Following Phosphorylation 

To really follow cancer-related networks of interactions, investiga- 
tors need ways to mark specific molecules. In some cases, scien- 
tists even need to mark molecules in ways that reveal the entity’s 
state, such as being phosphorylated. Such studies depend on a wide 
range of antibody reagents that come from a variety of companies, 
including Alexis Corporation, BD Biosciences, Biomol, Cell 
Signaling Technology, Chemicon, EMD Biosciences, Sigma- 


Aldrich, and Upstate. 
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In cancer, most of the mutations or defects impact the way that 
cells communicate with other cells. Roberto Polakiewicz, chief scien- 
tific officer at Cell Signaling Technology, says, “To study cell signal- 
ing, researchers need a variety of tools, depending on just what a 
study is doing. For example, genomics tools let you look directly at 
mutations or chromosomal abnormalities. This has been done forev- 
er.” He adds, “Most people working in this field also need antibodies, 
and we pioneered the use of activation-site-specific antibodies, ones 
that recognize posttranslational modifications, like phosphorylation.” 

Cell Signaling Technology’s antibodies reveal the activity of a 
molecule. Polakiewicz says, “Localizing enzyme activity tells you 
that something is happening in the molecule and tells you something 
about its function at that time.” He adds, “Activation-specific anti- 
bodies speed up cancer research significantly.” These antibodies can 
be applied to immunohistochemistry, for instance, to analyze a tumor 
biopsy, or flow cytometry to analyze leukemic cells. That could 
reveal that a pathway is “on” in an aberrant way and could be target- 
ed by a drug. These antibodies could also be used in diagnostics, 
according to Polakiewicz. 

Phosphorylation sites related to cancer can also be mapped 
through techniques on the verge of high throughput. Polakiewicz 
says, “In this way, tons of information and data can be applied to cell 
lines and tumors.” He also mentions that Cell Signaling Technology 
always looks for new tools and biomarkers or kinases that get activat- 
ed in cancerous cell lines or tumors. 

Tony Ward, director of global and strategic marketing at BD 
Biosciences, agrees that scientists studying cancer need a collection 
of tools: the right cells, culture environments that make a cell behave 
as it would in vivo, and ways to make sure that the cells are perform- 
ing as expected. He also points out that scientists need ways to look 
inside cells, such as using antibodies to search for specific proteins 
or watching the process of phosphorylation. 

Ward says, “The biggest thing we have brought to the market in 
the past year and a half is our PhosFlow, which reveals the phospho- 
rylation status of specific epitopes in an individual cell, whether 
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from a cell line or from whole blood.” He adds, “This lets scientists 
look at an activation pathway of a protein and measure the ratio of 
phosphorylation. In other words, you can ask: How turned on is a 
pathway?” For example, a scientist could apply a potential anticancer 
compound to a sample and see how it changes protein pathways 
thought to be related to the progression of that cancer. 

Methlyation of so-called CpG islands—areas of increased densi- 
ty of guanine-phosphate diester-cytosine dinulceotides—also plays a 
role in cancer, because these islands are frequent sites of mutation. 
Scientists can study methylation of these islands with Qiagen’s 
EpiTect Bisulfite Kit. 


A Total Attack 

Some companies focus primarily on products related to cancer 
research. For example, Jay George, chief scientific officer at 
Trevigen, says, “We are a cancer company.” He adds, “We have anti- 
bodies, proteins, and tools to quantitatively measure angiogenesis. 
We also sell products to study and quantify DNA damage and repair, 
which are both intimately involved with cancer.” 

One of the latest products from Trevigen is a basement membrane 
extract. This is a specialized polymer of extracellular matrix, essen- 
tially proteins, that provides a support for cells to adhere to and then 
differentiate. The main components of the extract include laminin I, 
collagen IV, and entactin. This product has been used in assays for 
tumor-cell invasion, angiogenesis, and three-dimensional cell cul- 
ture. These proteins can also be used to coat plastic ware to make it 
more amenable as a surface for cell growth. This is an important area 
because, as George says, “Growing cells on plastic is a very, very 
artificial system.” 

Moreover, Trevigen developed the Directed In Vivo Angiogenesis 
Assay, called DIVAA, in which scientists can study, for example, the 
development and support of blood vessel creation by tumors. This 
assay uses an angioreactor—licensed from the U.S. National 
Institutes of Health—that is a small silicone tube with basement 
membrane extract and growth factors in it. George says, ““You can put 
this angioreactor in a mouse and then test a potential antiangiogene- 
sis compound. Then, you can remove the reactor from the mouse and 
quantify the amount of blood vessel invasion.” 


Starving Tumors 
As tumors grow, they require increasing vascularization to provide 
nutrients and eliminate cellular waste. The circulatory system within 
a tumor is produced and developed by the active recruitment of blood 
vessels from nearby normal tissue, which can be measured—as just 
mentioned—with an angioreactor. If compounds can be developed 
that inhibit this process and are specific to tumor cells, these agents 
can be used to shrink or eliminate the tumor without damaging nor- 
mal tissue. AstraZeneca—among other companies—investigates the 
potential of agents that prevent the formation of new blood vessels 
and also attack established tumor blood vessels. 

Barge of AstraZeneca explains: “Tumors could not grow beyond 
about one cubic millimeter in volume without parasitiz- 
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ing the host and acquiring their own blood supply. If you can inhibit 
neovascularization of tumors you could get an antitumor effect 
because neovascularization is a pathological process that does not 
occur in healthy tissue.” 

Consequently, many scientists explore ways to stop vasculariza- 
tion of tumors. “We want to understand the molecular biology of 
neovascularization,” says Barge, “and find processes that might be 
specific to angiogenesis. This will enable the design of drugs that 
inhibit the growth of new blood vessels, without affecting the normal 
ones.” The development of that parasitized blood supply depends on 
growth factors, such as vascular endothelial growth factor (VEGF). 
That makes VEGF a prime target. 

Barge says, “We have a large number of agents in our pipeline.” 
For example, scientists at AstraZeneca focus on growth factors 
and receptors for signal trans- 
duction as possible drug tar- 
gets. Barge says that his com- 
pany has two antiangiogenesis 
inhibitors in development—two 
of which are in Phase III trials. 
AstraZeneca also has two com- 
pounds in clinical trials that tar- 
get the control of the cell cycle 
in cancer, and two more cell- 
cycle compounds that will go 
into the clinic later this year. 
Barge and his colleagues also 
study compounds that could 
inhibit cancerous invasion or 
repair DNA damage associated 
with cancer. 
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Challenges Ahead 

To better understand cancer, 
George of Trevigen says, 
“Cancer is a protein disease— 
mutations of proteins that make 
them function improperly.” But 
this complex collection of dis- 
eases generates an equally com- 
plex mountain of data. Trevigen 
notes that any meeting of the 
American Association of Cancer 
Research involves “miles and 
miles of posters,” and it’s just 
too much to consolidate. “For all 
I know,” says George, “cancer 
has been cured every year, but 
there is no way to get all of that 
data in a searchable, minable 
form. No one person can com- 
prehend even 0.1 percent of the 
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content at one of these meetings.” So improved informatics will 
always be desired. 

No matter what researchers discover in terms of therapy, though, 
Weinberg of the Massachusetts Institute of Technology says, 
“Ultimately, the largest reduction in cancer mortality will come from 
changes in lifestyle’? The most serious cancer-causing lifestyle 
remains the use of tobacco, says Weinberg. In addition, eating too 
much poses a cancer threat. Weinberg says, “An increased body-mass 
index correlates with increased risk of many types of cancer.” So win- 
ning the cancer battle lies in the hands of both scientists and citizens. 
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In early February 2006, data indicated that annual cancer deaths in the United States dropped for 
the first time in more than 70 years. According to the National Center for Health Statistics, cancer 
claimed 556,902 lives in 2003, 369 fewer than in 2002. That drop—a small one—serves mostly as a 
milestone. It probably arose from several changes: a reduced use of tobacco products and improved 
detection and treatment of cancer. Still, the battle continues. Despite the overall drop in deaths, more 
women actually died from cancer in 2003 than in 2002. So research on cancer will remain impor- 
tant, probably for decades to come. 

Cancer research attracts a large number of scientists from a variety of disciplines: chemistry, drug devel- 
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ment, and industry study cancer. As a result, this field produces many exciting advances. Some of the most 
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putational and interdisciplinary in 
nature.” As a result, she believes that the 
capability of working within a large, mul- 
tidisciplinary team has become the best 
skill to develop. In addition, she says that 
a young scientist needs “the ability to 
grasp the significance of work far outside 
your field.” So instead of merely special- 
izing in one area, a future cancer 


Spread Out Your Skills researcher should develop skills and knowledge from several disciplines. 
When asked about the skills needed to study cancer, Other scientists agree. Joseph H. McCarty, assistant professor in the 
Diane J. Rodi, biochemistry group leader in the bio- | Department of Cancer Biology at The University of Texas M.D. 
sciences division at Argonne National Laboratory, | Anderson Cancer Center, says, “The most important skill is to be multi- 
says, “This is a hard question to answer, because so _ disciplinary.” He adds, “You need to understand diverse fields and be 
many different fields of science are needed to con- _able to integrate them into a common connection." 

tribute to the development of a new therapy or the That interdisciplinary flavor of cancer research also produces large 


ieee Understanding of a disease.” She adds, “Biology is | amounts of data. Daniel Rhodes—a graduate student in the lab of Arul 
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Research Team Leaders 


The Institute of Cancer Research, a College of the 
University of London, is a world-class cancer research 
organisation with UK HEFCE Research Assessment Exercise 
ratings of international excellence across all of its research 
programmes. In partnership with The Royal Marsden NHS 
Foundation Trust, we form the largest comprehensive 
cancer centre in Europe, dedicated to research that extends 
from epidemiology, genetics and molecular biology, 
through drug discovery and development, to cancer 


diagnosis and patient treatment. See [www.icr.ac.uk] 


The Institute is currently in the process of a major 
recruitment drive for faculty to lead research teams in 
the following areas: 


Haemato-Oncology 


Ref: CBL 90 


We seek to appoint a Team Leader within the Section of 
Haemato-Oncology to lead a well-defined and ambitious 
research programme which integrates with the other 
activities of the Section and with The Institute in general. 
We are focused on the understanding of the molecular 
genetics of leukaemias and lymphoproliferative disorders 
aiming to translate this information into aetiological 
insights or new therapeutic opportunities, the latter by 
linking with the Cancer Research UK Centre for Cancer 
Therapeutics at The Institute. While particularly interested 
in a scientist with a track record in these areas, we will 
consider any high quality researcher in normal or malignant 
haemopoiesis whose interests can translate effectively into 
this environment. 


Informal enquiries can be made to the Section Chairman, 
Professor Mel Greaves (email:[mel.greaves@Icr.ac.uK). 


Molecular Carcinogenesis 


Prostate Cancer Ref: HAD 64 


The underlying theme of work within the Section of 
Molecular Carcinogenesis is the application of the latest 
molecular technology to clinical problems in projects that 
will ultimately lead to patient benefit. The Section currently 
provides a focus for activities within the National Cancer 
Research Institute’s South of England Prostate Cancer 
Collaborative. The applicant would be expected to lead a 
research programme aimed at understanding the molecular 
basis of development of hormone refractory prostate 
cancer. The post would have close translational ties to the 
Trust and to the Cancer Research UK Centre for Cancer 
Therapeutics. 


Informal enquiries, should be addressed to the Section 
Chairman, Professor Colin Cooper Tel +44 (0) 20 8722 4690. 


Radioisotope Imaging 
Methodology 


Ref: CLIN18 


This team will develop numerical and computational 
techniques for modelling and understanding tracer 
dynamics, for reconstructing images from projections, for 
quantitating pre-clinical and clinical imaging devices, for 


working in partnership with CANCER RESEARCH UK 


image registration for multimodality imaging, for 4D 
quantitation and for extracting physiological parameters 
and the production of functional images. The post will link 
the Pre-clinical Team to clinical applications within the Trust 
and Institute. Imaging modalities of particular interest will 
be SPECT and PET. The postholder will have experience in 
hospital medical imaging with radiotracers and appropriate 
mathematical and computational skills. 


Informal enquiries should be addressed to the Section 
Chairman Professor Steve Webb on +44 (0) 20 8661 3350. 


Paediatric Oncology - 


Drug Development Ref: CLIN 47 


This vacancy is a new position as part of a major initiative 
of The Institute and the Trust - the Paediatric and 
Adolescent Oncology Targeted Drug Development 
Programme. The post will have close ties to the Royal 
Marsden NHS Foundation Trust Drug Development Unit 
and to the Cancer Research UK Centre for Cancer 
Therapeutics. The position will be responsible for the early 
clinical evaluation of new anti-cancer agents in children 
and young people and will take a major role in the pre- 
clinical evaluation of these agents. 


For an informal discussion and/or to arrange a visit please 
contact the Section Chairman of Paediatric Oncology 
Professor Andy Pearson on +44 (0) 20 8661 3453. 


Epidemiology 


Ref: CLIN 38 


The post will be within the Section of Epidemiology, which 
has close ties with the Section of Cancer Genetics and 
other laboratory scientists in The Institute, and will give an 
opportunity to instigate a research programme on cancer 
epidemiology and its interaction with genetics. Applicants 
from a statistical, medical, genetic or biological background 
would be welcome. 


Informal enquires are welcomed, and should be addressed 
to the Section Chairman Professor Anthony Swerdlow 
on +44 (0) 20 8722 4192. 


Appointments will be six-year tenure track, equivalent to 
assistant professor at US institutions, or for suitably 
qualified candidates at a more senior level up to full 
Professor. Additional staff posts, PhD studentships and 
start-up grants will be provided for suitable candidates. 
If applicable, an honorary clinical contract will be sought 
for clinically qualified appointees. 


To apply, please send two copies of a research plan 

(up to 4 pages), CV and the names and contact details of 
three referees, to the Human Resources Office, The Institute 
of Cancer Research, 123 Old Brompton Road, London 

SW7 3RP, England, quoting the appropriate reference. 


All posts are based at The Institute’s Sutton campus. 
The job specifications are available at fwww.1cr.ac.uk] 
Alternatively call our 24 hour recruitment line 

on +44 (0) 20 7153 5475. 
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The Gerstner Sloan-Kettering Graduate 
School of Biomedical Sciences offers the next 
generation of basic scientists a program to 
study the biological sciences through the lens 
of cancer — while giving students the tools 
they will need to put them in the vanguard of 
research that can be applied in any area 

of human disease. 


PhD Program in Cancer Biology 


An Internationally Recognized Research Faculty in: An Innovative, Integrated Curriculum Provides 


* Cancer genetics a Fundamental Understanding of: 

* Genomic integrity * The nature of genes and gene expression 
* Cell signaling and regulation * Cellular organization 

* Structural biology * Tissue and organ formation 

* Immunology * Cell-cell interactions 

* Chemical biology * Cellular response to the environment 

* Developmental biology ¢ Enzyme activity 


* Computational biology 


¢ Experimental therapeutics Student Support and Services: 

¢ Experimental pathology Students receive a fellowship package that includes 
* Imaging and radiation sciences a stipend, tuition, textbook allowance, and health 
* Oncology insurance. Students also have access to affordable 

* Genomics housing within easy reach of the school. 


* Animal models of disease 


Please visit our Web site to learn how to apply, for application 
deadlines, and for more information about our PhD program. 


www.sloankettering.ed 
| 646.888.6639 


r 


Gerstner Sloan-Kettering 


Graduate School of Biomedical Sciences 


New York City 
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/ Cancer Research UK Career Development Fellowships and 


Senior Cancer Research Fellowships 


ScienceCareers.org 


Cancer Research UK supports a broad portfolio of research drawn from a wide variety of scientific 
disciplines. We are committed to developing the next generation of leaders in cancer research through a 
programme of research fellowships. We are therefore pleased to invite preliminary applications for our 
Career Development Fellowships and Senior Cancer Research Fellowships. We would welcome 
applications from non-clinical researchers in any discipline and in any research field with relevance, or 
potential relevance, to cancer Up to eight fellowships are available, to start no earlier than | April 2007. 


Career Development Fellowships Senior Cancer Research Fellowships 
The fellowships will provide: The fellowships will provide: 
* 6 years' support * 6 years’ support 
ae * Salaries for the fellow, a postdoctoral researcher * Salaries for the fellow, up to two post-doctoral 
y and a technician researchers, a technician and a student 
x * Consumables costs * Consumables costs 
Hh * Equipment. * Equipment. 
= Youshould: You should: 
fa * Be an outstanding postdoctoral scientist who * Be an outstanding scientist who wishes to develop 
Lu wishes to achieve independence in your research your independence 
= for the first time * Have shown exceptional ability in your previous 
<x * Have shown promise in your early work in a work in a cancer-relevant field 
UY cancer-relevant field * Have completed between 6 and |0 years of 
= * Have completed between 3 and 6 years of postdoctoral work 
Ww postdoctoral work. * Have a commitment from your host institution for your 
if You should not have had a previous opportunity to gio ae 
Ww davelae aieeceareh auc: Mo warerveumuse ba If you have previously held or currently hold a 
o P ee fie) tenured position, or if you have already had a 
<x able to demonstrate the potential to lead a Headse Weccaebiich an neeeencicnt +h h 
UO research team and direct a small programme of P ia eal 


another fellowship, you would still be welcome to 
apply for this award. However, you should not have 
been running a group for more than 6 years at the 
time of application. 


work. You will usually be expected to have the 
status of a Junior Group Leader or equivalent. 


://science.cancerresearchuk.org/gapp/grantapplications/tcdb/?version 


Please see our website (http 
further information. 


=1)) for 


The deadline for preliminary applications is Friday 2 June 2006. 


The fellowships cannot be held in the Cancer Research UK core-funded Institutes in London, Glasgow, Cambridge 

and Manchester. Most other UK institutions are suitable, but you should contact Cancer Research UK to check 

the eligibility of your chosen location before you apply. 

For an application pack, please email |fellowships@cancer.org.uk| stating the fellowship in which you are 

interested in the subject of the email. If you would like to discuss your eligibility for any of these fellowships, 

or have any other questions, please contact Dr Simon Vincent|simon.vincent@cancer.org.uk]020 7061 6082. 
© 
e*e 
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+ Charity no: 1089464 e, 


call it research. 


For 30 years, Genentech has been at the forefront of the biotechnology industry, using human genetic information to discover, 
develop, commercialize and manufacture biotherapeutics that address significant unmet medical needs. Today, Genentech 
manufactures and commercializes multiple biotechnology products that have helped patients suffering from serious diseases 
and conditions, including breast cancer, colorectal cancer, non-Hodgkin's lymphoma, lung cancer, rheumatoid arthritis, cystic 
fibrosis and allergic asthma. The company is the leading provider of anti-tumor therapeutics in the United States. 


Genentech’s research organization features world-renowned scientists who are some of the most prolific in their fields and in the 
industry. Our more than 650 scientists have consistently published important papers in prestigious journals and have secured 
more than 5,500 patents worldwide (with an equal number pending). Genentech’s research organization combines the best of 
the academic and corporate worlds, allowing researchers not only to pursue important scientific questions but also to watch an 
idea move from the laboratory into development and out into the clinic. We are proud of our long history of groundbreaking 
science leading to first-in-class therapies, and we hope you'll consider joining us as we continue the tradition. 


Our continued growth has created opportunities in Research in our South San Francisco headquarters. Please take this 
opportunity to learn about Genentech, where the creativity and openness of an academic environment meet the rigorous 
dedication of industry-leading professionals focused on improving and extending people's lives. 


Seeking Cancer Research Professionals 


Postdoctoral Fellows, Research Associates and Scientists in the following areas: 


* Angiogenesis * Biomedical Imaging * Molecular Biology * Protein Chemistry 

* Antibody Engineering * Cell Biology * Molecular Diagnostics * Protein Engineering 

* Assay Technology * Immunology * Molecular Oncology * Translational Oncology 
* Bioinformatics * Medicinal Chemistry * Pathology * Tumor Biology 


Genentech was named #1 on FORTUNE'’s “100 Best Companies to Work For” list. 


To learn more about these opportunities, please visit }www.gene.com/careers. Please use “Ad - Science Mag” when a 


“source” is requested. Genentech is an equal opportunity employer. 
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Pathology and director of research informatics at 
the University of Michigan—says, “One common 
theme in many discoveries in the past few years has 
been high throughput approaches and looking at 
many genes in a single assay.” Consequently, it's no 
surprise that Chinnaiyan encourages students to 
gain capabilities in bioinformatic analysis. He says, 
“We are nearing the age of looking at cancer with 
more of a systems perspective and studying all of the molecular con- 
stituents of a process.” 

Another of Chinnatyan’s graduate students, Scott Tomlins, also sees 
a growing need for skills in data analysis. He says, "Some fields are 
almost flooded with data. You need to think creatively about how to 
analyze data.” 

If you cannot co the analysis yourself, you must at least be able to 
talk with scientists who can. Tomlins says, “It's important to be able to 
speak in both biological and bioinformatic languages." 


a= 43 


CHARLES DIMITROFF 


Competitive But Widespread 

The predictions for future funding vary. Charles 
Dimitroff, assistant professor in the Department of 
Dermatology at Harvard Medical School, says, “As 
the projected U.S. National Institutes of Health 
budget increases are not anticipated to keep pace 
with inflation, significant cuts in the number of 
funded grants and in the funding amounts will 
result.” But he adds, “There are many other venues for obtaining can- 
cer research funding, but reduced NIH funding will cause a surge in 
grant applications to these other organizations and make it more diffi- 
cult to obtain funding from these sources." 

He also believes that faculty positions will become even more com- 
petitive. Nonetheless, he adds, "I'm not suggesting that aspiring cancer 
research scientists pick a new sport, but they should be well prepared 
before entertaining the thought of research independence and auton- 
omy in academia." Instead of bypassing academics, Dimitroff suggests 
a strategy: “| propose seeking employment in both academic depart- 
ments and clinical departments in hospitals that do not normally sus- 
tain a large percentage of cancer researchers. Departments of oncolo- 
gy, tumor biology, tumor immunology, or cancer therapeutics, for exam- 
ple, are typically dominated by cancer researchers and obtaining a posi- 
tion in one of these departments would be extremely competitive." 

McCarty completed what he calls a fairly exhaustive job search just 
a year ago, and he found considerable recruiting in two areas: basic 
cancer research and molecular neuroscience. “Compared to many other 
fields," says McCarty, “cancer research is still fairly robust. Although the 
job market is competitive, there are lots of opportunities, especially if 
you can span neuroscience and cancer.” He adds that there is lots of 
funding—both public and private—in the general area of brain cancer. 
He says, “There's really good funding for meduloblastoma, neuroblas- 
toma, glioblastoma, and related areas." 


DANIEL RHODES 


1800 


Careers in Cancer Research 


A Translational Turn 

Several of the experts interviewed here point to a 
growing emphasis on translational research. “It is 
easiest to get funding for work that is translational 
or nearly translational,” says Chinnaiyan. For exam- 
ple, his own lab’s work—published in the October 8, 
2005, issue of —on recurrent gene fusion in 
prostate cancer provides an example. In addition, 
he points to biomarkers as good examples of potentially translational 
work that can be funded comparatively easily. Dimitroff agrees: "I think 
that research efforts attempting to elucidate a biomarker of early 
malignancy will always be fundable entities. Likewise, development of 
novel techniques or approaches that help discover these tumor-specif- 
ic markers will be fundable programs. In general, cancer research fund- 
ing is always available for projects that are innovative, of high risk, and 
interdisciplinary in nature." 

When trying to predict fundable research in the future, Rodi says, 
“I'm not sure my crystal ball is clear enough to answer this question." 
Then she adds, “My bias is toward multidisciplinary approaches, espe- 
cially those that can harness the power of tumor typing by gene expres- 
sion pattern. In addition, new imaging platforms—made possible by 
advances in a range of nanotechnologies—have huge promise as meth- 
ods for monitoring both disease progression and the impact of thera- 
py.” For instance, Rodi and her colleagues are working on techniques 
that could monitor vasculature in a tumor in vivo. 


DIANE J. RODI 


Stay Open Minded 

Although many scientists might aim at academics, 
industry also offers many opportunities. McCarty 
mentions knowing several people who moved to 
biotechnology or pharmaceutical companies to do 
cancer research. “They are very happy with their 
decisions," he says, “and they feel challenged with 
their work." 

Dimitroff sees lots of opportunities outside of academics in Boston. 
He says, “I'm obviously biased in my belief that Boston is one of the 
premier locales for finding a position in cancer research. Boston has 
become a global center for major biotechnology and small startup 
companies.” Chinnaiyan also sees colleagues going to industry. He 
says, "This is happening more and more, although it is often better to 
do this later in your career. More seasoned academics in cancer 
research often get recruited by large pharma and biotech companies." 

In the end, what scientists work on probably matters more than 
whether they work in academics, government, or industry. As Rodi says, 
“I'd look for a position where | can collaborate with energetic scientists 
who have new ideas and a vision of the future.” That energy and vision 
can help any scientist build a career in cancer research. 


SCOTT TOMLINS 


Mike May is a publishing consultant for 
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OPPORTUNITY 


We encourage growth. 


Development and Molecular Pathways, 
Drosophila Genetics (12287BR) 


Diabetes, Novartis—Broad Institutes 
Collaboration (6336BR) 


Diabetes, Autophagy (7190BR) 


corresponding Job ID number listed above. 


At the Novartis Institutes’ cutting-edge research facilities in Cambridge, MA, 
we currently have openings for postdoctoral fellows in the following areas: 


Models of Disease, Neurobiology (12012BR) 


Models of Disease, Neurobiology, 
CNS (12011BR) 


Cardiovascular, Hypertension 
Diabetes, Molecular Immunology (10222BR) (East Hanover, NJ) (10696BR) 


Cardiovascular, Heart Failure, 


Models of Disease, Stem Cells (12013BR) Stem Cells (5818BR) 
Cardiovascular, Heart Failure (3656BR) 


To view descriptions of all open positions and to apply, visit prww.nibr.novartis.con| 


and follow the links to Careers and Job Opportunities. Be sure to reference the 


www.nibr.novartis.com 


2006 Novarts AG 


Novartis is committed to embracing and leveraging diverse backgrounds, cultures, and talents to achieve 
competitive advantage. Novartis is an equal opportunity employer. M/F/D/V 


U) NOVARTIS 


NOVARTIS INSTITUTES 
FOR BIOMEDICAL RESEARCH 


The New Pathway to Drug Discovery 
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U.S. DEPARTMENT 
OF HEALTH AND 
HUMAN SERVICES 


National Institutes 
of Health 


POSTDOCTORAL FELLOWSHIP (Ph.D./M.D.) 
OPPORTUNITIES 


The National Cancer Institute offers numerous 
postdoctoral fellowship opportunities in a large variety of 
science disciplines (chemistry, biochemistry, 
bioinformatics, biology, biostatistics, cancer biology, cell 
biology, epidemiology, genetics, HIV research, 
immunology, microbiology, molecular biology, nuclear 
radiochemistry, nutrition, optical probe chemistry, 
pathology, pharmacology, virology, etc.). 


Fellowship opportunities can be viewed on our training 
and employment Web site “StarCatcher” 


ttp://generalemployment.nci.nih.gov| We recommend 


that you post your resume in either job category 
“Postdoctoral Fellowship (U.S. citizens and permanent 
residents)” or “Postdoctoral Fellowship (foreign visiting 
fellows)” for viewing by our principal investigators. Then 
use the links to our research divisions to apply for current 
positions and communicate directly with the principal 
investigators. The Center for Cancer Research (NCI’s 
largest clinical and basic science research division) lists 
multiple fellowship opportunities on their link and 
provides the opportunity to search their index of 
branches/labs/programs to find areas of research of 
particular interest to you. The Division of Cancer 
Epidemiology and Genetics provides an online 
application for fellowships in molecular, nutrition, 


radiation and genetic epidemiology. The Division of 
Cancer Prevention offers an online application process 
for fellowship opportunities in cancer prevention. 


NCI facilities located in Bethesda, Rockville, 
Gaithersburg and Frederick Maryland, present a 
professional environment and possess the best-funded 
and equipped laboratories in the United States. As the 
largest institute within the National Institutes of Health, 
NCI provides postdoctoral fellows the opportunity to 
interact with scientists from a wide range of life/medical 
sciences, and to attend lectures given by international 
renowned scientists. Stipend range $38,500 to $71,000 
commensurate with experience. Standard self and family 
health insurance is provided and high-option coverage is 
available. Program duration is 2 to 5 years. 


Open to graduating doctorate degree (Ph.D. and/or 
M.D.) students and current postdoctoral fellows with less 
than 5 years postdoctoral experience. U.S. citizenship, 
permanent residency (green card), or current 
authorization (F-1 or J-1 visa) for training in the United 
States is required. 


Apply online at fhttp: 
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ScienceCareers.org 
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Ss Molecular Imaging: 
3 Training for Oncology 
5 Memorial Sloan-Kettering Cancer Center is one of 
_» only a few institutions awarded a molecular imaging 
7 training grant (R25T) from the NCI. The goal of the 
Molecular Imaging: Training for Oncology program is to train a new 
generation of MD, PhD or MD/PhD researchers, who are facile with 
both the biology and technology of advanced molecular imaging meth- 
ods for application to basic, translational and clinical cancer research. 
The specialized curriculum emphasizes the development of molecular 
imaging for oncology and includes didactic training focusing on relevant 
molecular biology and research methodology coursework, instruction in 
advanced imaging methods, an individualized research program focusing 
on basic, translational, or clinical interdisciplinary research and experi- 
ence in advanced methods of nuclear, radiographic, optical and magnetic 
resonance imaging/spectroscopy. 


Physicians who have completed sub-specialty in a relevant imaging 
or clinical discipline and post-doctoral Ph.D.s with specialized skills 
in cellular and/or molecular biology or a related discipline are encour- 
aged to apply. Interested applicants must either be U.S. Citizens or have 
U.S. Permanent Residency. Trainees are expected to have proficiency 
in physics, chemistry and/or computer science and a strong interest in 
molecular targeting probes as vehicles to advance the understanding of 
cancer through medical imaging. 


Please send cover letter, CV and a 2-page statement of research interest to: 
Dr. Hedvig Hricak, Chairman, Department of Radiology, Memorial 
Sloan-Kettering Cancer Center, 1275 York Avenue, New York, NY 


10021 or e-mail: 


Memorial Sloan-Kettering Cancer Center is an Equal Opportunity 
Employer with a strong commitment to enhancing the diversity of its 
faculty and staff: Women and applicants from diverse racial, ethnic 

and cultural backgrounds are encouraged to apply. 


Faculty Position 
Neuro-Oncology 


The University of Texas M. D. Anderson Cancer Center is seeking 
a highly qualified basic scientist for a tenure-track appointment 
as Assistant Professor or Associate Professor in the Department 
of Neuro-Oncology, with appropriate joint appointment in a basic 
science department and the Graduate School of Biomedical 
Sciences. Generous start-up funds and excellent laboratory space 
are available. Candidates must have a Ph.D. and/or an M.D. and 
postdoctoral research experience. Candidates interested inthe areas 
of mouse disease models, glial cell differentiation and development, 
genetic control of cell differentiation and transformation, stem cell 
biology and signal transduction will be preferred; however, suitable 
candidates with experience in all other neuro-oncology research 
will also be considered. Currentresearch inthe departmentincludes 
signaltransduction, angiogenesis, developmental/stem cell biology, 
transcription biology, and targeted therapeutics. 


Applicants should send their curriculum vitae along with contact 
information for references, a briefresearch statement covering their 
past accomplishments, their current and planned research goals, 
and their plans to emerge as a leader in the chosen area, to: 


Rakesh Kumar, Ph.D., Chair of Search Committee 
Department of Molecular and Cellular Oncology, Unit 108 
UT M. D. Anderson Cancer Center 
1515 Holcombe Blvd. 

Houston, TX 77030-4009 
THE UNIVERSITY OF TEXAS 
MD ANDERSON 
CANCER CENTER 


Making Cancer History® 


M. D. Anderson Cancer Center is an equal opportunity employer and does not discriminate on the 
basis of race, color, national origin, gender, sexual orientation, age, religion, disability or veteran 
status except where such distinction is required by law. All positions at The University of Texas 
M. D. Anderson Cancer Center are security sensitive and subject to examination of criminal 
history record information. Smoke-free and drug-free environment. 


FACULTY POSITION 
ENDOCRINOLOGY 


The Endocrine Service at Memorial Sloan-Kettering Cancer Center 
(MSKCC) seeks a full-time Clinical Endocrinologist/Educator at the 
Assistant or Associate Professor level. Applicants should be board 
certified in Internal Medicine and board-eligible in Endocrinology 
and Metabolism. The candidate should be eligible for a license to 
practice in the State of New York, and must have completed training 
in clinical endocrinology with a special emphasis on endocrine 
oncology and thyroid cancer. Candidates should have demonstrated 
evidence of scholarly interest in either basic or clinical research. It is 
envisioned that this position will involve 80% patient care and 20% 
teaching/research time. The faculty member will have a significant 
mentorship role in a multicenter endocrinology fellowship program, 
and will be expected to teach residents and medical students. A 
faculty appointment at the Weill Medical College of Cornell 
University will be available for qualified candidates. 


A competitive salary and excellent benefits package are included. 
Interested candidates should send a curriculum vitae, a statement of 
academic interests, and the names of three references to: R. Michael 
Tuttle, MD, Acting Chief, Endocrine Service, Memorial Sloan-Kettering 
Cancer Center, 1275 York Avenue, Box 296, New York, NY 10021. 


Memorial Sloan-Kettering Cancer Center is an equal opportunity 
employer with a strong commitment to enhancing the diversity of its 
faculty and staff. Women and applicants from diverse racial, ethnic and 
cultural backgrounds are encouraged to apply. 


**, Memorial Sloan-Kettering 
» Cancer Center 


The Best Cancer Care. Anywhere. 
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Program Leader in Cell Signaling 
and Translational Cancer Studies 


The Vermont Cancer Center, an NCl-designated Comprehensive Cancer 
Center at the University of Vermont, is seeking a mid-level or senior scientist 
0 provide strategic leadership and direction for the Cell Signaling Research 
Program, comprising 20+ interdisciplinary faculty members, with a focus on 
understanding the molecular mechanisms of signal transduction and growth 
regulation, especially as pertains to cancer. 


The ideal candidate will have an MD, PhD or MD/PhD, with an established NCI- 
unded program in translational cancer research focused on cell signaling. 
Candidates should have a demonstrated track record of competitive, 
extramural support and scientific productivity. Depending on background, 
appointment will be in an appropriate academic department with a generous 
start-up package and space commensurate with senior-level recruitment. 


The VCC[{(www.vermontcancer.org) was established in 1974, and supports 


research cores in biostatistics, cell imaging, clinical research management, flow 
cytometry, transgenic mice, genomics, bioinformatics, and structural biology. 
The University of Vermont is located on the shores of Lake Champlain in 
Burlington, a vibrant community frequently cited as one of the most livable 


cities in the U.S. 
Y) 
Vermont Cancer Center 


PN at the University of Vermont 


A Comprehensive Cancer Center Designated by the National Cancer Institute 


Apply online at[www.uvmjobs.comlor send CV and letter of interest to 


or by mail to: Dr. Christopher Francklyn, 
B-401 Given Building, University of Vermont, Burlington, VT 05405. 


HATS S Upto” is an Equal Opportunity/Affirmative Action Employer. Women 
P’ and those from div 


erse racial, ethnic and cultural backgrounds are encouraged to apply. 


Biotech 


CURIOUS MINDS 


At Schering-Plough Biopharma, you'll put your 
curiosity to work in a scientific environment 
committed to breakthrough innovation in research 
and discovery. Combining the strengths of DNAX 
and Canji, Schering-Plough Biopharma has elevated 
its mission to new heights. When you conduct science 
in our biotech environment with all the power, reach, 
and resources of a large pharmaceutical company, 
you'll face new challenges and grow as an individual 
and as part of a team. 


Principal Scientist/ 

Sr. Principal Scientist 

We are seeking an exceptional individual to join 
our Discovery group as a thought leader in the 
area of oncology biologics. 


The Discovery Research 
Department comprises a 
team of twelve principal 
research groups, with 
expertise in signal 
transduction pathways, 
cell cycle control, tumor 
immunology, cytokine 
biology, animal models 
of human disease and \ 
functional genomics. We 

are seeking a candidate 

with strong credentials 

in basic research and 

drug discovery to lead 

the identification and validation of novel targets 
amenable to the development of biologics for 
cancer. The successful candidate will serve as a 
senior member in the oncology group and play a 
major role in the direction of research and drug 
discovery within the organization. 


Qualified candidates will have a PhD in Biology 
or a related discipline with at least five years of 
experience excelling in an oncology research and 
drug discovery environment. Candidates must have 
a deep understanding of cell signaling mechanisms 
and biological processes associated with human 
cancers such as angiogenesis, invasion and metastasis. 
As a senior member of the oncology group, 
qualified candidates must have proven management, 
supervisory and mentoring capabilities. Candidates 
should have excellent organizational and prioritization 
skills, be experienced in verbal and written 
presentation of technical data, and be able to work 
in a team environment. Req. No. 14906BR. 


Postdoctoral Fellow 

Tumor Immunology and Cancer Biology 

Martin Oft - Explore mechanisms of tumor immune 
evasion and self recognition and immunologic 
tolerance. The role of novel immune regulatory 
cytokines in tumor inflammation, tumor rejection, 
and tumor progression in murine cancer models 
will be investigated. We are looking for highly 
motivated postdoctoral researchers with previous 
experience in cellular and systemic in vivo 
immunology or cancer models. To learn more 
about our Postdoctoral Research Fellowship 
Program, visit; 
Requisition No. 13934BR 


For more information and to apply online, 


please visit ;www.schering-plough.com|and 
search in the career section for the appropriate 
requisition number indicated above. 


ALEGACY OF EXCELLENCE. 
A FUTURE OF PROMISE. 


Schering-Plough Biopharma is an Equal 


Opportunity Employer, M/F/D/V. 


Schering-Plough Biopharma 


p Schering-Plough 


Giving someone 


more years of life. 
That's a pretty amazing job benefit. 


Millennium is focused on developing breakthrough treatments in the areas of 
oncology and inflammation that will make a real difference in patients’ lives. 
We encourage innovation and seek results through collaboration. If you're 
looking for a dynamic environment where respect and excellence are core 
values, learn more about us and the possibilities for you at}www.millennium.com] 


We are an equal opportunity employer committed to discovering the 
individual in everyone. 


We currently have openings for the following positions: 

Associate Director/Director - Regulatory Affairs, Sr. Regulatory Affairs 

Associate/Sr. Manager - Regulatory Affairs - CMC, Documentation Associate, 

Clinical Safety Specialist - Pharmacovigilance, Sr. Manager - Computer Systems 

OA, Sr. Scientist II/Scientist | - DMPK, Sr. Scientist II - Toxicologic Pathology, 
Scientist | - DMPK - Enzymology, Research Investigator - 
DMPK - Bioanalytical, Research Investigator - Analytical 
Development, Scientists/Research Associates - Cancer 
Pharmacology, Research Associate - Molecular & 
Cellular Oncology, Research Associate - Slide Based 
Assay Team (SBAT) 


INN MILLENNIUM ® 


Breakthrough science. Breakthrough medicine. 


Department of Defense 
_Breast Cancer Research Program 


Research Funding Available as a Result of a 
$127.5 Million Congressional Appropriation 


Proposals are due in May 2006 for the following awards: 
¢ Predoctoral Traineeship eldea 
¢ Multidisciplinary Postdoctoral »¢ Synergistic Idea* 


The overall goal of the Breast Cancer Research Program (BCRP) is to promote 
innovative research directed toward the eradication of breast cancer. The 
BCRP also places great importance on fostering and maintaining multi- 
disciplinary and/or multi-institutional collaborations and alliances. Although 


the BCRP encourages high-risk, high-gain research, such projects must 
demonstrate solid scientific judgment and rationale. 


*New This Year: 

The Synergistic Idea Award supports innovative, high-risk/high- 
reward breast cancer research collaborations between 

two independent, faculty-level (or equivalent) investigators 
who address a central problem or question in breast 

cancer research from synergistic and complementary 
perspectives. The proposal may be structured as either 

two separate but complementary and highly synergistic 
objectives or as a balanced and synergistic collaboration 
integrated into a single project. 


vvepORe ay bacensite.at liitpstte 
or call 301-619-7079 for more information. 


ScienceCareers.org 


CAREERS IN CANCER RESEARCH 


CAREERS IN CANCER RESEARCH 


POSTDOCTORAL FELLOWSHIP College of Medicine 
Department of Immunology The Texas AEM University Syston: 
Baylor 
College 
of Medicine 


Applications are now being accepted from recent graduates for 
postdoctoral fellowship positions in the Department of Immunology 
at Baylor College of Medicine, through the NIH Training Grant, 
“Molecular and Cellular Mechanisms of Host Defense.” Located 
in Houston TX, Baylor College of Medicine is a leader in biomedical 
research. More than eighteen distinguished mentors are available. 
The program provides mentorship in individual career 
development, curriculum in grant writing and presentation skills, 
as well as research opportunities in critical areas of immunology: 


Pediatric Hematology-Oncologist 


The Section of Pediatric Hematology/Oncology at Scott and White 
Clinic and the Texas A&M University System Health Science 
Center College of Medicine (TAMUS HSC-COM) are seeking a 
clinician scientist with current research grants for a faculty position 
in a rapidly growing program. The candidate should be BE/BC in 
pediatric oncology and committed to an academic career. The 
successful candidates will join and enhance ongoing efforts in 
basic and translational research, with an institutional commitment 
to building a world-class experimental therapeutics program. An 
outstanding start-up package includes high quality laboratory 
space, excellent benefits and competitive salaries commensurate 
with academic qualifications. The position guarantees 75% 
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Lymphocyte signaling Apoptosis protected time for research activities. 

Lymphocyte development Stem cells 

Autoimmunity Inflammation Scott & White Clinic is a 500+ physician directed multi-specialty 
Cytokines HIV pathogenesis group practice that is the leading provider of cancer care in Central 
Adhesion molecules Dendritic and Treg cells Texas. Scott and White Clinic and the 486 bed tertiary Scott & White 
Gene therapy Cancer research Memorial Hospital is the main clinical teaching facility for TAMUS 


HSC-COM. Outstanding clinical practice and laboratory facilities on 
campus that perform state of the art molecular and cellular biology 
research, flow cytometry, genomics and biostatistics are in place to 
support the research effort. 


Applicants must be recent graduates, as well as United States 
citizens or permanent residents. To apply, send a statement of 
research interest, C.V., and the names and email addresses of 


three references to: . : 
Please contact: Don Wilson, M.D. Professor and Chairman, 


Department of Pediatrics, Scott & White, 2401 S. 31st, Temple, 
TX 76508. (800)725-3627 Fax (254) 
724-4974. 

For more information about Scott & White, please visit }www.sw.org] 
For Texas A&M Scott & White is an equal 


opportunity employer. 


CAREERS IN CANCER RESEARCH 


Tse-Hua Tan, Ph.D., Program Director 
Baylor College of Medicine 
clo Ms. Robin Cuthbert, at}/rmcuthbe@bcm.edu 


BCM is an equal EEOC/AA/EA employer 


POSITIONS OPEN 


Scholars in Oncologic 
Molecular Imaging 


Postdoctoral Training in 
Molecular Imaging of Cancer 
University of California Los Angeles, USA 


The UCLA Scholars in Oncologic 
Molecular Imaging (SOMI) Program will 
uniquely train biological researchers & 
physicians to integrate molecular imaging 
into cancer research. This rapidly growing 
area combines the disciplines of 
cell/molecular biology, chemistry, bio- 
medical physics, biomathematics, phar- 
macology, imaging sciences, and clinical 
medicine to advance cancer research, 
diagnosis and management. SOMI fel- 
lows will conduct innovative research in 
cancer imaging under the supervision of 
two faculty mentors from complementary 
fields, in a comprehensive, integrated, 
flexible program (up to 3 years). Funds for 
salary, supplies and travel are provided 
and can be supplemented by supervising 
mentors. 

@ Next application deadline: June 1* for 
start date in September, 2006. 

@ Applicants must have Ph.D. or M.D. and 
must be US citizens or permanent 
residents. 

@ Further information about this program 
found at:[ww.crump.ucla.edu [public/somi] 

@ Inquiries to SOMI Application Coordinator 
by telephone: 310-825-4903 or 
email: 


University of Missouri Health Care 


Research Faculty Position 


The University of Missouri School of 
Medicine Department of Surgery is seeking 
outstanding candidates for two research 
faculty positions. Rank and appointment status 
are contingent upon qualifications. 


The candidate should have experience in a 
field of research in which surgeons interface. 
This includes, but is not limited to, cancer, 
heart disease, inflammation, wound healing, 
trauma, and vascular biology. Candidate must 
demonstrate evidence of current or future 
potential for federal funding, show interests in 
teaching medical students and surgical 
residents, and have the desire to interact with 
surgical researchers in developing a vigorous, 
extramurally funded research program. 


Applicants should send curriculum vitae 
to: Steve Eubanks, M.D., Chairman, 
Department of Surgery, University 
of Missouri-Columbia, Health Sciences 
Center, One Hospital Drive, Columbia, 
Missouri 65212. 


E-mail: grotewielln@health.missouri.ed 


Equal Opportunity/ 
Affirmative Action/ 
ADA Employer 


Wisit she Denarfment of Sargery’s Web: 
site at http://www.surgery.missourl.edu/. 
Go to "Practice Opportunities". 


Postdoctoral Positions in Biology 
of Learning & Memory 


Initial Research Project, 
Okinawa Institute of Science and 
Technology (IRP-OIST) 


A newly founded lab in Okinawa, a southern 
most island in Japan, is seeking several post- 
doctoral researchers in the field of learning & 
memory. The project aims for the elucidation of 
molecular and genetic basis for mammalian neu- 
ronal plasticities using multiple disciplinary ap- 
proach including gene targeting, molecular bi- 
ology, and behavioral psychology. Communi- 
cation skill in English is essential. Priority 
will be given to researchers with at least a cou- 
ple of experiences in the field related to neuro- 
science such as behavioral psychology, physiol- 
ogy, veterinary, molecular biology, cell biol- 
ogy, genetics, biochemistry, pharmacology, and 
anatomy. Starting annual salary of 4.8-5.5mil- 
lion yen depending on experience. The review 
of applications will begin immediately and the 
search will continue until positions are filled. 
Applicant should have the ability to work inde- 
pendently and supervise his/her technician. 
More information on IRP-OIST at [http:77] 
Interested applicants should 
send a CV, past and future research interests, 
and the names of three references to: 


Dr. Shogo Endo, IRP OIST, 12-22 Suzaki, 
Uruma, Okinawa 904-2234, Japan 


Or, email to:[LMrecruit@ixp.oistp] 


IRP-OIST is supported by Okinawa Institute of 
Science and Technology Promotion Corpora- 
tion (OIST PC). OIST PC is EOE and encour- 
ages application from women and minorities. 


Agency for 
Science, Technology 
and Research 


A*STAR Research Fellowships 


Singapore’s Agency for Science, 
Technology & Research (A*STAR, 
http://www.a-star.edu.sg) 
invites applications to the 
A*STAR Research penwnnes 


The A*STAF owships aim to 
siciins ani goott tate geen of global 
leaders in science by supporting innovative and 
independent research. Applicants should have 
obtained their PhD or MD within 24 
months (not more than 48 months) of the 
application date, and demonstrated creativity in 
research. 


Tenable at the highly regarded Institute of 
Molecular and Cell oy plane hata 
staredu.sg), A esearch Fellows will 
receive attractive remuneration, support for 
set-up costs, research funding, research staff 
and access to state-of-the-art scientific 
equipment and facilities, including the Biopolis 
Shared Facilities and the Biological Resource 
Centre. Each laboratory may be funded up to 
US$500K p.a. 


The fellowship will be for a 3+2-year duration, 
with a review at the end of the 3rd year : and 
a a poets "fast-track" promotion. A*STA 

Fe $s may select one or more 
mentors trom AXSTAR's research institutes 


busy al Sena cbreash Uhl Sle ae* 


The A*STAR Research Fellowship 
Selection Panel is composed of:- 


-Tadatak la, Chairman, R&D, 
GlaxoSmithKline 


e, Executive Director, 
raat ot Moleciiar & Cell Biology 


-Alex Matter, Director, 
Newartis Institute for Tropical Diseases 


Vice Chancellor for Health Sciences, 
University of California, San Diego 


h, Programme Director, 
Shamerec OneoKariore Laboratory, Centre 


for Molecular Medicine,A*STAR and Director, 
Dept of Molecular Biology, Max Planck Institute 
of Biochemistry 


Ten shortlisted candidates will be invited to 
Singapore for interviews, which will include a 
review based on a scientific presentation at an 
open symposium. These are expected to be 
held in August 2006. Applications will close on 


Applicants are requested to submit their CVs and a 
5-page research proposal (| hard copy & | soft copy) to : 


A*STAR Research Fellowships 

Agency for Science, Technology & Research, 
20 Biopolis Way, #08-01, 

Singapore 138668, Singapore 
EmailjA-STAR_ADMIN_BMRC@a-star.edu.sg! 


Positions 


National Institutes of Health 
Office of the Director 


Chief NIH Ethics Officer 


The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Chief NIH Ethics Officer (CNEO), who will also serve as Director 
for the NIH Ethics Office. If you are an exceptional candidate with a M.D. and/or Ph.D. and have the vision and skills to oversee and provide strategic direction to NIH 
activities relating to ethics policy, oversight, and operations for scientific administration, we encourage your application. 


To achieve its mission of advancing biomedical and behavioral research to improve the health of the public, the NIH must have the trust of the public that the decisions and 
activities of the agency and its employees are unbiased. The creation of the new position of CNEO is part of a comprehensive effort to strengthen the program of ethics 
oversight for NIH employees. As CNEO, you will be responsible for the executive leadership, strategic direction, and oversight of the scientific, clinical, and administrative 
activities of NIH staff as they relate to ethics policies. This includes: assuring compliance with Federal, departmental, and agency ethics laws, regulations, and policies 
that apply to the official-duty activities, outside activities, and financial holdings of NIH’s 18,000+ employees; overseeing a rigorous program of quality control and risk 
management including assessing the effectiveness activities of conflict of interest operations the NIH Ethics Office and the application of delegated authority; conducting 
a comprehensive ethics training program; and developing/maintaining an effective enterprise information technology system. Additional functions include serving as the 
NIH spokesperson and principal advisor to the Director and Deputy Director, NIH on relevant NIH ethics policy and programs. In addition, you will serve as the NIH 
Agency Research Integrity Liaison Officer (ARILO) and will be responsible for all matters related to NIH’s intramural and extramural research integrity programs to include 
oversight and coordination of NIH activities related to research misconduct and the promotion of research integrity of NIH intramural and extramural research programs. 
Understanding the value of scientific expertise for leadership of ethics at NIH, you will have the flexibility to devote up to 25% of your time to conduct or oversee research 
in an NIH intramural research laboratory or in an appropriate NIH extramural scientific programmatic role. 


Salary is commensurate with experience; a full package of benefits is available, including retirement, health, life, long term care insurance, Thrift Savings Plan participa- 
tion, etc. 


Applications for this position will be reviewed by a Search Committee chaired by Dr. Duane Alexander, Director, National Institute of Child Health and Human Develop- 
ment. Applicants may send a Curriculum Vitae to Teresa Leary, 31 Center Drive - MSC 2207, Room 4B-41, Bethesda, MD 20892-2207 or visit{htip://www.jobs.nih.] 
[gov and apply to Announcement OD-06-109779 (for Ph.Ds) or OD-06-109626 (for M.Ds). If you need additional information, please contact Ms. Teresa Leary at 
[learyfe@od.nih.govjor (301) 496-1443. Applications must be received by close of business May 19, 2006. 


ANGE Mouse Cancer Genetics Program 
INSTITUTE Program Director/Laboratory Chief 


The National Cancer Institute (NCI), National Institutes of Health (NIH), Department of Health and Human Services (DHHS), is seeking applicants 
for a Program Director/Laboratory Chief of the Mouse Cancer Genetics Program (MCGP) within the Center for Cancer Research (CCR). The CCR 
is an NCI intramural research center located on the Bethesda and Frederick, Maryland campuses. The Mouse Cancer Genetics Program, located 
on the Frederick campus, currently consists of seven investigators who utilize mouse genetics to understand the biological basis of disease and 
mouse models to develop innovative approaches to cancer intervention (http: 


The Mouse Cancer Genetics Program encompasses strengths in mouse genetic engineering and bioinformatics. The program has ready access to 
extensive state-of- the-art mouse facilities to core facilities in pathology, histology, genotyping and microarray, and to the Developmental Thera- 
peutics Program (DTP) of NCI, as well as the molecular imaging and nanobiology initiatives currently under development. The CCR is searching 
for a Program Director who can take advantage of these resources to direct the use of mouse genetics and models, to dissect complex genetic 
disease traits, uncover mechanisms of cancer development, and develop preventive and therapeutic interventions. 


The successful candidate will have a Ph.D. and/or M.D. and a well-established research program in mouse genetics or mouse cancer biology. We 
are looking for an individual with strong leadership skills, experience in mentoring junior investigators, and administrative/budgetary expertise. 
All applicants should submit a letter indicating the position they are applying for; a statement of research interests; current curriculum vitae and 
complete bibliography; and the names and addresses of six references (include email addresses) by May 15, 2006. 


Applications should be sent to: Beverly Mock, Ph.D., MGCP Search Committee Chair, c/o Patty Farrell, Bldg. 37, Rm. 3146, 37 Convent 
Drive, MSC 4258, Bethesda, Maryland 20892-4258 


Or, email your applications or intent to apply to:[FarrelIp@mail_nih.gov| (Patty Farrell, 301-496-1734, FAX: 301-402-1031) 


CP PrOUdTY Fresents O UDDO 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


Department of Health and Human Services 
National Institutes of Health 
Office of the Director 


Deputy Director of NIH for Portfolio Analysis and Strategic Initiatives 
and 
Director, Office of Portfolio Analysis and Strategic Initiatives 


The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Director for the new 
Office of Portfolio Analysis and Strategic Initiatives (OPASI). If you are an exceptional candidate with an M.D. and/or 
Ph.D. and the vision and ability to integrate science across multiple disciplines, we encourage your application. 


As the OPASI Director, you will serve as a Deputy Director of the NIH and directly report to the NIH Director. As a 
prominent senior leader reporting directly to the Director of NIH, you will be responsible for executive leadership and 
coordination of the overall NIH research portfolio analysis and strategic initiatives that fall within the OPASI’s scope. The 
OPASI’s primary objective is to develop: a transparent process of planning and priority-setting characterized by a defined 
scope of review with broad input from the scientific community and the public; valid and reliable information resources 
and tools, including uniform disease coding and accurate, current and comprehensive information on burden of disease; an 
institutionalized process of regularly scheduled evaluations based on current best practices; the ability to weigh scientific 
opportunity against public health urgency; a method of assessing outcomes to enhance accountability; and a system for 
identifying areas of scientific and health improvement opportunities and supporting regular trans-NIH scientific planning 
and initiatives. You will serve as the principal advisor to the NIH Director on issues involving OPASI’s planning, analysis, 
and policy formulation and implementation activities, including efforts to strengthen trans-NIH strategic planning and 
funding, and improve data quality and develop analytical techniques for assessing the NIH research portfolio. 


This position requires that the OPASI Director exercise leadership, initiative, and creativity in establishing and maintaining 
relationships with key Federal and non-Federal officials, nationally and internationally recognized scientific leaders and 
officials of academic, research, and other institutes and organizations, and professional and advocacy groups. 


Salary is commensurate with experience; a full package of benefits (including retirement, health, life, long term care 
insurance, Thrift Savings Plan participation, etc.) is available. 


Applications for this position will be reviewed by a Search Committee chaired by Dr. Jeremy Berg, National Institute of 
General Medical Sciences and Dr. Elizabeth Nabel, Director, National Heart, Lung and Blood Institute. 


Interested applicants should send a Curriculum Vitae to Ms. Teresa Leary, 31 Center Drive —- MSC 2207, Room 4B- 


41, Bethesda, MD 20892-2207 OR visit: and apply to Announcement OD-06-109905 
(for Ph.Ds) or OD-06-109915 (for M.Ds). If you need additional information, please contact Ms. Teresa Leary at 


or by calling 301-496-1443. 
Applications must be received by close of business May 19, 2006 
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DEPARTMENT OF HEALTH AND HUMAN SERVICES 
FOOD AND DRUG ADMINISTRATION 
CENTER FOR BIOLOGICS EVALUATION AND RESEARCH 


INTERDISCIPLINARY SCIENTISTS-FULL TIME 


The FDA’s Center for Biologics Evaluation and Research, Office of Cellular, Tissue, and Gene 
Therapies is recruiting scientists to serve as Interdisciplinary Scientists in the dynamic, highly chal- 
lenging, and innovative atmosphere of biological product review in the Gene Therapies Branch of 
the Division of Cellular and Gene Therapies (DCGT). The DCGT is strongly committed to bringing 
FDA and other scientists, patient advocates, and the public together in new partnerships to develop 
new therapies for the 21“ Century, while protecting human subjects and ensuring product safety. The 
incumbent will serve as the scientific and technical authority on a multidisciplinary scientific/medical 
team that reviews, evaluates and decides on the approvability of scientific research, human testing 
and manufacture of human biological products. The incumbent will be responsible for reviewing 
meeting materials, Investigational New Drug Applications (IND), and Biological License Applica- 
tions (BLA) for scientific content and compose official reviews and responses. Reviews will be 
based on data submitted by manufactures and sponsors of new biological products to be used for 
clinical investigations. Incumbent will also be responsible for relating responses and any concerns 
regarding IND review to sponsors or investigators of the clinical trial. Some products and issues that 
will be addressed by incumbents include novel gene therapy products for the treatment of cancer, 
hemophilia, cardiovascular disease, Alzheimer’s disease and many genetic defects and rare diseases 
as well as new emerging therapies related to the use of stem cell research, stem cell transplantation, 
xenotransplantation, somatic cell therapies and/or tumor vaccines for cancer therapy. 


, 
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QUALIFICATIONS: Applicants should have a doctoral degree or equivalent experience in one 
or more of the following disciplines: Virology, molecular biology, microbiology, cell biology or 
immunology. A minimum of three year’s post-doctoral experience is preferred. Candidates for Civil 
Service or U.S. Commissioned Corps must be U.S. Citizen. 


SALARY RANGE: Civil Service salary range for GS-13 is $74,782 to $97,213. 


HOW TO APPLY: Submit resume or curriculum vitae with cover letter by email to: 
simek@fda.hhs.govj or mail to: 1401 Rockville Pike, HFM-720, Rockville, MD 20852, ATTN: 
Stephanie Simek, Deputy Director, DCGT/OCTGT/CBER. 


FDA is an Equal Opportunity Employer and has a smoke free environment. To qualify for 
employment all applicants must meet all Civil Service or Commissioned Corps requirements. 


Endocrinologist 


Stony Brook University’s Division of Endocrinology 
and Metabolism, Department of Medicine is 
seeking an individual at the Assistant, Associate, 
or Full Professor level to become a member of the 
Division. The Division has an accredited fellowship 
program and has six full-time faculty members with 
a major interest in insulin resistance and diabetes. 
Stony Brook University Hospital has an NIH- 
sponsored General Clinical Research Center 

that is directed by a member of the 

Endocrinology Division. 


Required: M.D. or equivalent. Applicants must be 
board-certified in Internal Medicine and board- 
certified or eligible in Endocrinology. Candidates 
should have an extensive background in performing 
investigator-initiated clinical research or clinical 
trials in an area related to diabetes mellitus, insulin 
resistance, metabolism, or obesity. The position 
will also involve patient care and teaching of 
fellows, residents, and medical students. 


Salary is commensurate with experience 
and faculty rank. 


Please send letter of interest and CV to: 
Harold E. Carlson, M.D., Chief 

Division of Endocrinology and Metabolism 
HSC 115-060, Stony Brook University 

Stony Brook, NY 11794-8154 


Equal Opportunity/Affirmative Action Employer. Visit 
fuavarstobreak cated ot employment information. 
STONY 
WK 
BRAN 


POSTDOCTORAL 
RESEARCH ASSOCIATE 
Howard Hughes Medical Institute 
& Department of Biochemistry 
Duke University Medical Center 


A Postdoctoral position is available immediately to study 
the mechanism of E. coli DNA mismatch repair. We are 
looking for a highly motivated individual with a Ph.D. 
or M.D. and experience in mechanistic enzymology. 


Experience in pre-steady-state kinetic methods and 
DNA manipulations is desirable. Salary will be 
commensurate with experience. 


Interested individuals should forward a curriculum vitae 
and names of three references to: Paul Modrich, 
HHMI & Dept. of Biochemistry, Box 3711, Duke 
University Medical Center, Durham, NC 27710. 
e-mail: [Modrich@biochem.duke.edu 

The Howard Hughes Medical Institute and Duke 
University are equal opportunity employers. 


HHMI 


HOWARD HUGHES MEDICAL IW add Brouuily Ptpsdnts, Thx for Support 


DTU invites highly talented young researchers who 
have already obtained outstanding results during 
heir PhD study and have demonstrated excellence 
and potential in their field of study to apply for one 
of the stipends under the H.C. Oersted Postdoc 


announcement. 


Technical University of Denmark 


The Hans Christian Oersted 
Postdoc Programme 


oy 
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Programme. The programme is named after the 
ounder of the university, H. C. Oersted, who 


discovered Electromagnetism. 


The full text of the announcement can be seen on 


DTU's homepage at[www.dtu.dk/job] Applications 


must be based on the details of the full text 


Further information can be obtained from the Dean 
of Research Kristian Stubkjaer 


(e-mail: fforskningsdekan@adm.dtu.dk). 


Application deadline: 28 June 2006 at 12.00 (noon). 


Opening ; : 
new frontiers etter 
in Biology 


BIOINFORMATICS INSTITUTE 


The Bioinformatics Institute (BIl) isa member of the Agency for Science, Technology and Research (A*STAR). We are set up as 
part of the national initiative to foster and advance biomedical research and human capital development for a vibrant knowledge- 
based Singapore. The Bll is located at the Biopolis, Singapore's premier hub for Biomedical Sciences. http://www.one- 
north.com. 


We would like to invite applications for Research Scientists and Post Doctoral Research Fellows. Candidates for Research 
Scientist positions should have a PhD in the relevant field, excellent communication skills, collaborative attitude to working in a 
multidisciplinary environment and a good publication record. Candidates for Post Doctoral Research Fellow positions should 
have a PhD in the relevant field and a good publication record. Appointments will be based on domain expertise, experience, 
track record and project focus. We currently have positions in the following areas :- 


Cancer Biology Group 


The Cancer Biology Group is focused on modelling the control and regulation of signaling in cancer with an initial focus on tumor 
suppression by the p53 pathway. We are addressing key biologically motivated questions on how the p53 pathway protects us 
from cancer. This work involves an experimental/ modelling collaboration with Prof. Sir David Lane and others. Concurrently, we 
are creating a comprehensive knowledgebase to integrate and analyze published data about p53 including DNA and protein 
sequences, gene expression, mutations and associated human diseases etc. that will aid us in our research. 


Clinical Biomarkers Discovery Group 


The Clinical Biomarkers Discovery Group is involved in a national and international collaboration (we are members of the 
International Biomarker Discovery Consortium led by the Fred Hutchinson Cancer Research Center). The goal is to discover 
biomarkers which will be validated by our clinical collaborators that are invaluable for their potential discriminatory power in 
molecular classification of disease (diagnosis), in predicting clinical outcome (prognosis) and response to drugs (therapy). This 
national effort, with an initial focus on gastric cancer, is headed by Prof. Sir David Lane (Institute of Molecular and Cell Biology) 
and includes scientists from the Genome Institute of Singapore, Singapore Oncology Research Institute and the Clinical School 
at National University Hospital. 


Cell Interaction Group 


The Cell Interaction Group is engaged in building a one-stop knowledgebase/computational platform for immune cell 
interaction, particularly focusing on the interactions of innate immune cells with cytokines/chemokines, under normal and 
selected pathological conditions. Computational modelling of immunology processes, dynamic pathway maps, intelligent 
literature mining and close interaction with immunology labs are some of the areas to be incorporated into this effort. For 
Research Scientist positions, you will explore immunology and biocomputing within the framework of the above project, in a 
mentored, semi-independent, and team-intensive environment. 


Chemoinformatics Group 


The Chemoinformatics Group is involved in research related to drug design/discovery. Current research is focused on three 
proteins and their associated partners: p53, kinases and defensins. We are looking for candidates with a few years experience in 
state of the art molecular simulation techniques and applications to biological systems to work on a_ range of collaborative 
projects as part of a young and dynamic team of scientists. Experience with docking, drug design and classical and quantum 
mechanics/density functional methods would be an advantage. Several projects are being carried out in close association with 
experimental groups at sister research institutes in the Biopolis, notably the p53 project with Prof. Sir David Lane (Institute of 
Molecular and Cell Biology) and a tyrosine kinase project with Prof Axel Ullrich (Center for Molecular Medicine). 


All applications are required to submit their detailed resume with one-two page statement of research accomplishment and 
research goals (if applicable) via email to |recruit@bii.a-star.edu.sg or send your detailed resume to the following address. For 
more information on the Bioinformatics Institute, please refer to|}www.bii.a-star.edu.sg 


HR MANAGER °« BIOINFORMATICS INSTITUTE ¢ 30 Biopolis Street * #07-01 Matrix * Singapore 138671 


ScienceCareers.org 


UT 


Erik Jonsson School of Engineering 
and Computer Science 


Department Head/ 
Distinguished Chaired Professorship 


The Erik Jonsson School of Engineering and Computer Science is recruit- 
ing a Department Head with a Distinguished Chaired Professorship 
for a new Department of Bioengineering. In addition to being a senior 
faculty member with an outstanding record of research, teaching and 
external funding, the successful individual will have the vision, leader- 
ship skills and desire to found an outstanding Bioengineering Depart- 
ment. The Jonsson School has significant funds (well into 8-figures) 
to recruit additional outstanding faculty members with very attractive 
compensation and start-up packages. The new department will be housed 
in a new $100 million building which will open in early 2007. The 
successful candidate will benefit from the close working relationship 
between The University of Texas at Dallas and the U.T. Southwestern 
Medical Center, and if appropriate, the position will have a joint appoint- 
ment with UTSW. Candidates must have a terminal degree in a relevant 
discipline, and must demonstrate evidence of the ability to conduct a 
nationally recognized research program. 


Applicants should mail their curriculum vitae, a research and teaching 
plan, and the names and addresses of at least five academic or profes- 
sional references as soon as possible to: Academic Search #778, The 
University of Texas at Dallas, P. O. Box 830688, M/S AD 23, Rich- 
ardson, TX 75083-0688. Indication of ethnicity and sex are requested 
as part of the application, but not required. 


UTD is an AA/EO university and strongly encourages applications 
from candidates who would enhance the diversity of the 
university 8 faculty and administration. 


UT 


Erik Jonsson School of Engineering 
and Computer Science 


Bioengineering 


The Erik Jonsson School of Engineering and Computer Science is 
recruiting faculty to fill tenured and tenure-track positions in the area of 
Bioengineering. The new department of Bioengineering will be housed 
in a new $100 million building which will open in early 2007. We will 
accept applications at all levels but prefer funded investigators who will 
qualify for an appointment at the level of Full Professor with a Distin- 
guished Chair. A startup package in seven figures has been budgeted to 
these positions, and successful senior candidates will be encouraged to 
recruit junior faculty to extend and complement their research areas. We 
are focusing this search on candidates working in the areas of: medical 
imaging, biological systems engineering, nanomedicine or neuroengi- 
neering. The successful candidates will benefit from the close working 
relationship between The University of Texas at Dallas and the U.T. 
Southwestern Medical Center, and where appropriate, the position will 
have a joint appointment with UTSW. Candidates must have a terminal 
degree in a relevant discipline, and must demonstrate evidence of the 
ability to conduct a nationally recognized research program. 


Applicants should mail their curriculum vitae, a research and teaching 
plan, and the names and addresses of at least five academic or profes- 
sional references as soon as possible to: Academic Search #779, The 
University of Texas at Dallas, P. O. Box 830688, M/S AD 23, Rich- 
ardson, TX 75083-0688. Indication of ethnicity and sex are requested 
as part of the application, but not required. 


UTD is an AA/EO university and strongly encourages applications 
from candidates who would enhance the diversity of the 
university 8 faculty and administration. 


Faculty Scientists - Pediatrics 


The Department of Pediatrics at The University of Texas Medical School at 
Houston seeks faculty scientists with research interests in any of the following 
research areas: complex genetic disorders, lung, heart and brain development, 
cell and cartilage biology. These research interests will complement those 
already established in the Department of Pediatrics and allow for collaborations. The 
University of Texas Medical School at Houston is situated in the Texas Medical 
Center, the largest medical center in the world composed of 35 medical and 
research facilities including The University of Texas M. D. Anderson Cancer 
Center, The University of Texas School of Public Health at Houston, and Harris 
County Hospital District. Facilities within the university include state-of-the-art 
genomics, proteomics, histopathology and mouse cores and vivarium. Positions 
are available at the instructor, assistant and associate professor levels com- 
mensurate with previous experience. These positions are highly competitive 
with regard to salary, start-up funds and laboratory space. Applicants should 
have one of the following degrees: PhD, MD or MD/PhD. Successful candidates 
will be expected to develop and sustain research programs with extramural 
funding and play an integral role in new program initiatives. 


Applicants should send a statement of research interests, curriculum vitae and 
names and addresses of three references to: 


Dr. Jacqueline T. Hecht, PhD, The University of Texas Medical School 
Department of Pediatrics, Rm. 3.316, Houston, TX 77030 
Email:[Jacqueline. I.Hecht@uth.tmc.edu 


Women and minority candidates are encouraged to apply. The University of Texas 
Health Science Center at Houston is an EO/AA employer. M/F/D/V. This is a security 
sensitive position and thereby subject to Texas Education Code 851.215. A background 
check will be required for the final candidate. 


THe UNIvERsITY of TEXAS 


(SS. ee 
y D) HEALTH SCIENCE CENTER AT HOUSTON 
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Science 


West Coast Ad Sales Representative 
SCIENCE 


The American Association for the Advancement of Science (AAAS) is 
seeking a West Coast Advertising Sales Representative for its prestigious 
weekly journal Science. The West Coast Sales Representative will solicit 
and sell print and online advertising via telephone and face-to-face pre- 
sentations to life science companies as well as to non-life science com- 
panies (computer, chemical, and new technology). Successful candidate 
will be an effective communicator and a team player with outstanding 
customer service and sales skills and a strong desire to pursue a career 
in the rewarding industry of Science, Technical and Medical publishing. 
Must be able to excel in an independent sales environment. 


Position requires a bachelor’s degree (or an equivalent combination of 
education and sales experience) and 2-3 years previous sales experience, 
preferably in a media/publishing environment. Familiarity with product 
advertising and online advertising preferred; proficient computer skills 
including Microsoft Office and contact management system required. 
50-70% travel is required. AAAS offers a competitive base pay and 
benefits package plus commissions. 


For consideration, please send resume and cover letter with salary 
requirements to: The American Association for the Advancement 
of Science, 1200 New York Avenue, NW, Suite 100, Washington, 
DC 20005; Fax (202) 682-1630 or email tofhrtemp@aaas.orp. Please 
reference job: BM001. 


Thx for Support OZ. Non-smoking environment. 


Do you do 
aging research? 


Aging 
Research 
Careers 


Advertising Supplement 


Get the experts behind you. 


Be sure to read this 
special ad supplement 
devoted to aging research 
opportunities in the 
upcoming 21 April issue 
of Science. 


You can also 
read it online at 


www.sciencecareers.ors) 


To advertise in this 
issue, please contact: 


U.S. Daryl Anderson 
phone: 202-326-6543 
e-mail: fanderso@aaas.07g] 


Europe and International 
Tracy Holmes 


phone: +44 (0) 1223 326 500 
e-mail: 
Japan Jason Hannaford 


phone: +81 (0) 52 789-1860 
e-mail:{[hannaford@sciencemaz1p] 


ScienceCareers.org 


We know science MVAAAS 


YYePG Proudly Presents, Thx for Support 


Forschungszentrum Julich A) 
in der Helmholtz-Gemeinschaft 

We are the largest interdisciplinary research 

institution in Europe working in the fields of 

“Matter”, “Energy”, “Information”, “Life” and 

“Environment”. 


The encouragement of young scientists, both male 
and female, is an explicit concern of ours. We are 
therefore eager to attract highly qualified young 
postdocs to enhance the work in our main research 
areas. With our 


we are offering outstanding young postdocs the 
opportunity to establish and head their own working 
groups at Research Centre Julich (FZJ) for five years 
including responsibility for their staff and budget. 
After a successful interim assessment in the third year 
of employment, a tenure-track option will provide 
reliable prospects for the candidate's future career. 


For 1 January 2007 we are therefore advertising 


four positions as leaders of teams of young scientists, 
of which 


two positions are reserved for women scientists. 


You have outstanding qualifications, a PhD in a scien- 
tific or technical subject and would like to work on 
cutting edge research topics in one of FZJ’s depart- 
ments. A six-month continuous period of research in 
a laboratory abroad during your PhD work or as a 
postdoc would be desirable for your application. 


We offer you an excellent infrastructure and state- 
of-the-art equipment, family-oriented working 
conditions and a human resources development pro- 
gramme. The performance-related salary will con- 
form to the provisions of the Collective Agreement 
for the Civil Service (TVOD). 


Applications from disabled persons are welcomed. 


Detailed information on the programme and 
application procedure can be found at 


www.fz-juelich.de/tenure-track| 


Please submit your application by 31 May 2006 to 


Forschungszentrum Julich GmbH 

Stabstelle Wissenschaftlich-Technische Planung 
Dr. Christoph Arens 

52425 Julich 

Germany 

E-mail: THE 
FUTURE 


Telephone: 1S OUR 


+49 2461 61-3394 or-3028 MISSION 
: www.fz-juelich.de 


ScienceCareers.org 
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Science Careers Forum 


e How can you write a resume that stands out in a crowd? 
e What do you need to transition from academia to industry? 
e Should you do a postdoc in academia or in industry? 


Let a trusted resource like help you 
answer these questions.[/ScienceCareers.org]has partnered 
with moderator Dave Jensen and three well-respected advisers 
who, along with your peers, will field career related questions. 


Visit|ScienceCareers.org|and start an online dialogue. 


Bring your career concerns to 
the table. Dialogue online with 
professional career counselors 


ScienceCareers.org 


We know science 


and your peers. 


In the framework of the European Union’s Marie Curie network for human resources 
and mobility activity, a new project “NeuroVers-IT” investigating Neuro-Cognitive 
Science and Information Technology has been set up. The project aims at 
collaborative, highly multidisciplinary research between 11 European well-known 
research institutions in the areas of neuro-/cognitive sciences/biophysics and 
robotics/information technologies/mathematics. Topics covered are self-learning and 
self-configuring systems, bi-directional neuro-electronic interfaces (microelectronics 
devices and systems interfacing neuronal cultures to computers) and integrating 
methods of self-learning, task orientation and adaptation into “living” artefacts (robot 
systems controlled by real neural networks). For this project, all research institutions 
participating in the project are looking for European 


Experienced Researchers 
(holding a PhD degree) 
and 
Early-Stage Researchers 
(holding a Master’s degree entitling them to pursue a PhD degree) 


The ideal candidates should have a university degree in neuroscience, cognitive 
science, computer science/mathematics and/or electrical engineering/biophysics. A 
good knowledge of spoken and written English is required along with a disposition to 
work in different European countries while being employed at one of the partner 
institutions. Both types of positions involve extensive personal career plans and 
training at the “home” institution of the researcher and at the partner labs, participation 
in organizing a Neuro-Engineering summer school and e-learning platform facilities. 


For information about these positions you may contact Prof. Dr. Alois Knoll, 
Technische Universitat Munchen, Fakultat fir Informatik, E-mail 
(neuroversit@in.tum.de,]Tel. +49 89 289 18106. You may also send your written 
application including your CV and other relevant material to[vehne@in.tum.debefore 
Apr. 20, 2006. Your application will then be forwarded to one of the research institutions 
of the project. 


YYePG Proudly Presents, Thx for Support 


PROFESSOR 


(TENURE-TRACK) 
HARVARD MEDICAL SCHOOL 
DEPARTMENT OF CELL BIOLOGY 
The SS of Cell Biology invites appli- 


cations for a tenure-track position at the rank 
of Professor. We are seeking candidates work- 
ing on fundamental questions in cell biology 
ranging from molecular studies of basic cellular 
mechanisms to regulation of cellular processes 
during development, in adult organisms, or in 
disease contexts. A commitment to education 
and to mentoring of junior faculty is critical. 
The department is highly interactive and offers 
outstanding opportunities for collaboration 
and technical support in areas such as light and 
electron microscopy, mass spectrometry, and 


large-scale screening. Additional information 


about the department can be found at 
Applicants should send a CV, up to four 
reprints, a ee summary of previous 


research contributions, and a one-page 
plan for future work to Joan Brugge, Chair 
of the Department of Cell Biology, c/o Jeff 
Epperly, 240 Longwood Avenue, Building 
C-1, Room 513A, Boston, MA 02115 or 
effrey_epperly@hms.harvard.edu. 


Equal Opportunity Employer 
Women and Minorities Strongly 
Encouraged to Apply 


HARVARD MEDICAL SCHOOL 


John Innes Centre 


The John Innes Centre (JIC), Norwich, UK is a world leading 
centre of excellence in plant and microbial sciences based on the 
Norwich Research Park. We are inviting applications from 
outstanding young researchers who either hold, or wish to apply 
for Independent Research Fellowships, to attend a conference at 
the JIC on 5/6 June 2006. At the meeting you will be able to 
present a talk about your proposed area of research and to 
discuss your proposals, the development of your group and 
your future career plans in depth with senior JIC scientists. 


After the conference we will select and mentor outstanding 
candidates in writing Fellowship applications and/or offer the 
opportunity to move existing Fellowships to the JIC. 


Further details and particulars can be found at 


Please e-mail a 2-page summary of your research plan, a copy of 
your CV, and arrange for three letters of recommendation to be 


emailed to|dee.rawsthorne@bbsrc.ac.uk] by Friday 21st April 2006. 


The John Innes Centre is a registered charity (No223852) grant-aided by the 
Biotechnology and Biological Sciences Research —— : 
Council and is an Equal Opportunities Employer. : SEA) By d 


THE INSTITUTE OF MOLECULAR MEDICINE, 
LISBON, PORTUGAL 


RESEARCH GROUP LEADERS 


The INSTITUTE OF MOLECULAR MEDICINE, IMM, wishes to 
recruit young research group leaders in Neurosciences, 
Oncobiology and Systems Biology. 


IMM is located at the Lisbon University campus. The Institute is 
currently funded by The Ministry of Science-Fundac¢ao para a 
Ciéncia e Tecnologia, and by the Faculty of Medicine-University 
of Lisbon. 


IMM is committed to foster top quality, interdisciplinary bio-medical 
research. 


The prime selection criterion for candidate group leaders is 
scientific excellence relevant to the research interests of the 
Institute, as described in the IMM Web site: 
www.imm.ul.pi 


An initial contract of 5 years’ duration will be offered to the 
successful candidates. This can be renewed, depending on 
circumstances at the time of the review. 


Applicants should submit a curriculum vitae, with a concise 
description of research interests and future plans. Two letters 
of recommendation should be independently sent to: 
Prof. M. Carmo-Fonseca, Institute of Molecular Medicine, 
Faculty of Medicine, Avenida Prof. Egas Moniz, 
1649-028, Lisboa, Portugal. 

Fax: 351 21 7999412 


Email:icarmo.fonseca@tm.ul.pt 


Deadline to submit applications: 12 K48y 2Oasy Pr 


sen 


MICHIGAN STATE 
UNIVERSITY 


ASSOCIATE PROFESSOR 
Aquatic Resource Policy and Management/ 
Director for Michigan Sea Grant Extension Programs 


Department of Fisheries and Wildlife 
College of Agriculture and Natural Resources 


Description: The primary responsibility is 
to serve as the Extension Program 
Coordinator for the Michigan Sea Grant 
College Program. Secondary responsibili- 
ties include developing and a cea 
an applied research program in support o! 
Michigan Sea Grant College program 
centering on Great Lakes aquatic resource 
policy and management. 


Responsibilities: 

1. Coordinate Michigan Sea Grant 
Extension Program (75%) 

Program De eeen and Management 

- Serve as a member of the Michigan Sea 
Grant College Program Management 
Team. 

- Assist Associate Director of Michigan 
Sea Grant College Program, as needed to 
enhance Sle ac etes: of the 
program operations. 

- Coordinate the development and 
implementation of strategic plans, Sea 
Grant Extension proposals and annual 
plans of work. 

- Foster the development of each staff 
member's special talents and interests. 

- Communicate program needs to upper- 
level university administrators. 

- Maintain liaison between MSU 
Extension ©& Michigan Sea Grant 
College Program. 

- Prepare the program for evaluation by 
the National Sea Grant College 
Program. 

- Represent the Sea Grant Extension 
program within the university system 
and externally. 
- Develop new funding opportunities to 
expand Sea Grant Extension program- 
ming in the State, region and Nation. 

- Promote affirmative action. 


Personnel Management 

- Keep staff informed of Sea Grant 
institutional plans, activities and 
expectations. 
- Encourage staff members to commu- 
nicate ideas for improving the Sea Grant 
Extension program and Michigan Sea 
Grant as a whole. 

- Monitor staff contributions. 

- Supervise on campus and assigned 
off-campus Sea Grant extension staff 
members. 

- Serve on interview committees for Sea 
Grant Extension personnel. 

- Provide input to off-campus staff per- 
formance in cooperation with MSUE 
Regional Directors. - Make merit rec- 
ommendations to Regional Directors for 
off-campus staff assigned to MSUE 
regions. 


Financial Management 

- Prepare and propose program budgets 
to the Director a MSU Extension and 
the Associate Director of Michigan Sea 
Grant Program 

- Administer grant accounts through 
MSU departments and MSU Contract 
and Grants Administration. 

- Encourage staff members to submit 
proposals for contracts and grants from 
outside sources and facilitate submis- 
sion of proposed contracts and grants as 
necessary. 

- Consult with Associate Director of 
Michigan Sea Grant in setting priorities 
for allocation of core funding. 

- Prepare annual reports. 

- Maintain budget records. 


2. Research: (25%) 

Establish an integrative applied 
research program that supports the pro- 
grammatic activities of the Michigan 
Sea Grant College program. The 
research program may draw upon 
needs expressed in the current strategic 
plan or develop principles of successful 
interdisciplinary collaboration and 
adaptive management approaches to 
improve the scientific basis of Great 
Lakes policy decision making. 
Applicants are encouraged to propose a 
relevant research program that would 
be competitively funded externally to the 
Michigan Sea Grant College Program. 


Qualifications: Ph.D. at the time of 
appointment, with an advanced degree 
in a field that relates to aquatic science or 
aquatic ecosystem policy and manage- 
ment and a record of scholarship that 
would qualify for appointment in the 
MSU tenure system. 

The candidate is expected to have 
demonstrated leadership skills and 
experience in extension program devel- 
opment, administration and research. 

The candidate should have: 

proficiency and demonstrated knowl- 
edge, through work experience, in the 
assessment of large aquatic ecosystem 
policy and resources issues; 

- interest, skill, and experience in using 
science to improve public policy by 
synthesizing research which help policy 
makers and the public make better 
decisions regarding large aquatic 
ecosystem management. 
- excellent written and oral communi- 
cation skills; 
- a demonstrated ability to write 
successful research proposals, 
mentor graduate students and publish 
research findings. 

- A demonstrated ability to work in a 
collaborative environment, including 
with other faculty, staff, and external 
clientele groups. 

- The ability to understand and inte- 
grate diverse cultural perspectives into 
decisions. 

- Demonstrated experience in managing 
contracts, grants and financial manage- 
ment. 

- Demonstrated ability to lead program 
planning and implementing and evalu- 
ating teams. 

- Demonstrated experience in personnel 
management. 


Appointment: Salary commensurate 
with experience and qualifications. 
Interested individuals should prepare 
(1) letter of interest, (2) resume, (3) 
description of relevant experience and 
expertise, and of professional goals, (4) 
names and contact information for 
three references. Application Deadline: 
April 30, 2006 or until filled. Please 
send application materials to William 
W. Taylor, Chairperson, Michigan State 
University, Dept. of Fisheries and 
Wildlife, 13 Natural Resources 
Building, East Lansing, MI 48824. 
E-mail: [taylorw@msu.edy. Candidates 
should include “Jo Sea Grant 
Coordinator” at the start of the subject 
line in all e-mail correspondence 
regarding this position. 


MSU IS AN AFFIRMATIVE ACTION, EQUAL OPPORTUNITY INSTITUTION. 


ScienceCareers.org 
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POSITIONS OPEN 


TENURE-TRACK FACULTY POSITIONS 
Departments of Pharmacology and Pathology 
Columbia University 
College of Physicians and Surgeons 


The Departments of Pharmacology and Pathology 
at Columbia University invite applications for two 
tenure-track faculty positions at the ASSISTANT 
and ASSOCIATE PROFESSOR levels. Applicants 
must hold a Ph.D. and/or M.D. degree. Candidates 
whose fields of interest include mechanisms of cell 
signaling, membrane biophysics or biochemistry, or 
computational approaches to biological problems 
will be given the strongest consideration. Incoming 
faculty must be willing to teach pharmacology or 
related areas to graduate and professional students 
(M.D., Ph.D.), mentor thesis studies of Ph.D. stu- 
dents, and carry out a scholarly and contemporary 
research program. Incumbents will be expected to 
conduct an extramurally funded research program 
involving graduate students and postdoctoral fellows, 
and participate in administrative functions of the 
Departments and the University. Candidates will be 
expected to show evidence of their potential through 
letters of recommendation and a publication record 
appropriate for their experience. 

Please send electronically curriculum vitae, three 
references, cover letter, and a brief statement of cur- 
rent and future research interests to: Yudith Mahon- 
Campbell, e-mail:[ym2197@columbia.edu 

We are an Affirmative Action/Equal Opportunity Employer. 


UNIVERSITY OF CALIFORNIA, IRVINE 
Department of Medicine 
Division of Infectious Diseases 


The Division of Infectious Diseases and the Pro- 
gram in Public Health are seeking candidates for a 
position as HOSPITAL EPIDEMIOLOGIST at 
the University of California (UC) Irvine Medical Cen- 
ter. This is a tenure-track position at the Assistant 
Professor level. Candidates should have an M.D. 
degree, be Board-certified or Board-eligible in in- 
fectious diseases, and have previous training and ex- 
perience in hospital epidemiology/infection control. 
A strong research background is required, and can- 
didates should be in a position to successfully com- 
pete for NIH funding. Clinical responsibilities will 
be limited and flexible in accordance with the 
successful candidate’s interests and the extent of 
extramural funding. Applicants should send a cur- 
riculum vitae and names and addresses of three 
references to: Donald Forthal, M.D., Chief, Divi- 
sion of Infectious Diseases, Department of Med- 
icine, University of California, Irvine Medical 
Center, 101 City Drive, Orange, CA 92868. The 
University of California, Irvine, has an active career partner 
program and an NSF ADVANCE Program for Gender 
Equity and is an Equal Opportunity Employer, committed to 
excellence through diversity. 


POSTDOCTORAL/RESEARCH ASSOCIATE 
POSITIONS are available to study signal transduc- 
tion, mitochondrial biology, cell calcium, and ion 
channels in cardiovascular and respiratory systems. 
Research training in molecular/cell biology, electro- 
physiology, physiology, or pharmacology is desirable. 
Salary will be commensurate with experience. If in- 
terested, please e-mail application letter and cur- 
riculum vitae to Dr. Yong-Xiao Wang at e-mail: 
Center for Cardiovascular 
Sciences, Albany Medical College, Albany, NY 
12208-3479. An Equal Opportunity /Affirmative Action 
Employer. Women and Minorities are encouraged to apply. 


The University of Colorado at Colorado Springs 
(UCCS) Biology Department seeks a BIOLO- 
GIST for appointment to a tenure-track position 
at the Assistant Professor level to begin August 


The University of Colorado at Colorado Springs is com- 
mitted to diversity and equality in education and employment. 
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POSITIONS OPEN 


The Institute for Tropical Ecosystems Studies 
(ITES) at the University of Puerto Rico, Rio Piedras, 
invites applications for one TENURE-TRACK 
POSITION in landscape ecology. The successful 
candidate should have experience with spatial anal- 
ysis and geographic information system (GIS) and 
research interests in such areas as (but not limited 
to) applications of remote sensing, conservation 
ecology, or land-use change. Appointment will be 
at the Assistant or Associate Professor level depend- 
ing on qualifications. Job duties will include re- 
search, managing the spatial analysis laboratory, 
securing external funds, a minimum load of three 
credits per semester, and directing students. ITES is 
an interdisciplinary unit with research projects in the 
Neotropics and Asia, and a Long-Term Ecological 
Research (LTER) site within 30 minutes of campus. 
The majority of our students are from Puerto Rico 
or other countries in Latin America. We encourage 
applications from women and minorities. 

Applicants should submit curriculum vitae, state- 
ments of research and teaching interests, represent- 
ative reprints, and contact information for three 
references to: 


Dr. Alonso Ramirez 
Search Committee Chair 
Institute for Tropical Ecosystem Studies 
University of Puerto Rico 
P.O. Box 21910 
San Juan, PR 00931-1910 
The committee will receive and review appli- 
cations from March 1, 2006, until the position is 
filled. The starting date is August 2006. For more 
information, sce website: or 
e-mail: 
The University of Puerto Rico is an Equal Opportunity/ 
Affirmative Action Employer. Minorities/ Women/ Veterans/ 
Persons with Disabilities. 


FACULTY POSITION, EPIDEMIOLOGY 


The College of Veterinary Medicine at the Uni- 
versity of Maryland, College Park invites applica- 
tions for a nine-month, tenure-track ASSISTANT/ 
ASSOCIATE PROFESSOR position in Epidemi- 
ology. Minimum requirement: Ph.D. or equivalent 
degree in Epidemiology or related field for this 80 
percent research, 20 percent teaching appointment. 
Demonstrated evidence of basic and applied research 
experience in epidemiology required for work in in- 
fectious diseases, zoonosis, disease transmission, and 
food safety. Epidemiologists using molecular tools 
are strongly encouraged to apply. Teaching respon- 
sibilities include lectures and clinical rotations, and 
mentoring graduate and veterinary students. Excel- 
lent benefits package and salary commensurate with 
qualifications. Submit a letter of application, curric- 
ulum vitae, statement of career goals, and names and 
contact information for three professional references 
to: Chair, Epidemiologist Search Committee, 
Virginia - Maryland Regional College of Veteri- 
nary Medicine, University of Maryland, 8075 
Greenmeade Drive, College Park, MD 20742- 
3711. Applications will be accepted until June 1, 
2006, or until a suitable candidate has been iden- 
tified. The position is available immediately. The 
University of Maryland is an Affirmative Action/Equal Op- 
portunity Employer. 


POSTDOCTORAL RESEARCHER positions 
are open in the laboratory of Dr. Ming You, M.D., 
Ph.D., Washington University School of Medicine, 
St. Louis, Missouri. Successful candidate will per- 
form laboratory methods on the following projects: 
(1) identification of genes predisposed to cancer; (2) 
molecular basis of cancer; and (3) chemoprevention 
of cancer. Individuals with experience in molecular 
biology, transgenic animal models, or computational 
biology are welcome to apply. Permanent residency is 
required. Interested applicants should send curricu- 
lum vitae, statement of research interests, and the 
contact information of three references to: Cindy 
Kaye, Washington University School of Medi- 
cine, 660 South Euclid Campus Box 8109, St. 


Louis, MO 63110. E-mail: 
Application deadline is May 1, 2006. We are an Equal 
Onan PrOUUhy’ Presents, Thx for Support 
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SCIENCE 


ASSOCIATE PROVOST AND VICE PRESIDENT FOR RESEARCH 
Boston University 


oston University seeks a dynamic individual with academic leadership experience, an international scholarly reputation, and 

proven success in acquiring external funding for research to serve as Associate Provost and Vice President for Research (AP/ 

VPR). This position reports to the Provost and will coordinate and facilitate all research efforts at Boston University. The 
holder will chair the Research Advisory Council and will sit on the President’s Administrative Council, Council of Deans, and 
University Leadership team. 


The AP/VPR will assist and advise the President and Provost on all matters pertaining to the University’s comprehensive research 
activities. Working with the Associate Provost of the Medical Campus, the successful candidate will work to evolve current strategic 
plans for research, including articulating and creating policies and procedures that enhance faculty research, technology transfer, 
and corporate outreach. This position will oversee, or share in the oversight of, the Office of Technology Development, Office of 
Sponsored Programs, Office of Research Compliance, the Undergraduate Research Opportunities Program, and all multi-school/ 
college interdisciplinary laboratories and research centers. The AP/VPR will work collaboratively and proactively with the deans, 
directors, and faculty to achieve a greater integration of the University’s research program with its graduate teaching program. The 
AP/VPR will also work with legislative bodies, government agencies, regulatory agencies, foundations, industry partners, and 
colleagues at other institutions to advance the research being undertaken at Boston University. 


The successful candidate should have an earned Ph.D. and scholarly credentials to meet the standards for an academic appointment 
at the level of full professor in his or her field; experience with externally funded research; a successful track record of appropriate 
management and administrative experience; strong interpersonal skills; and the ability to foster collaborative efforts within the 
Boston University community and build links with industry nationally and internationally. 

Boston University, with a total enrollment of more than 30,000 and a faculty of more than 3,500 in its 17 schools and colleges, is the 
fourth-largest independent university in the United States. The University supports a large and diverse research program, with 
sponsored research funding totaling over $300 million in 2005. 

Persons interested in being considered for this position should submit a brief letter of interest and current curriculum vitae by April 
30, 2006. Applications and nominations should be submitted to: Office of the Provost, One Sherborn Street, Boston, MA 02215, 


attn: Ms. Suzanne Kennedy. 
BOSTON 
UNIVERSITY 


An affirmative action, equal opportunity employer 


MEDICAL OFFICERS AND INTERDISCIPLINARY SCIENTISTS 
PANDEMIC INFLUENZA VACCINE 
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The Center for Biologics Evaluation and Research, Food and Drug Administration, Department of Health and Human Services is searching for outstanding 

physicians and scientists to assist in the Center’s Pandemic Influenza Vaccine initiative. Center staff conducts biomedical research to provide a strong scientific 

base for the regulation of blood and blood-related products, vaccines, allergenic products, and gene therapies according to statutory authorities in order to protect 

and enhance the public health. In conjunction with regulatory and research responsibilities, the Center statistically evaluates clinical and pre-clinical studies of 

human biological products and vaccines and epidemiologically evaluates post-marketing studies and adverse biological reactions. 

The Pandemic Influenza Vaccine initiative is to protect critical workers and the US population in the anticipation of an influenza pandemic as quickly as possible 

through the establishment of a pandemic influenza vaccine manufacturing capacity. FDA has dramatically expanded its pandemic influenza program in the clini- 

cal, statistical, epidemiological, manufacturing and facilities areas this past year. FDA will be required to perform additional data reviews and facility inspections 

both for assuring adequate annual flu vaccine and in response to the potential for a pandemic. 

QUALIFICATIONS: 

¢ Physicians: Applicants must have an M.D. or equivalent degree from an accredited institution and additional research experience. Graduates of foreign medical 
schools must submit a copy of their ECFMG certificates. 

¢ Scientists: (Other than M.D.) An advanced degree in one or more of the following disciplines is highly desirable: Biology, Microbiology, Chemistry, Biochemistry; 
Toxicology/Pharmacology, or Mathematical Statistician. 

CANDIDATES FOR CIVIL SERVICE OR COMMISSIONED CORPS APPOINTMENTS MUST BE U.S. CITIZENS. NON-U.S. CITIZENS MAY BE 

ELIGIBLE FOR SERVICE FELLOWSHIP APPOINTMENTS OR OTHER POST-DOCTORAL PROGRAMS. 

SALARY: 

¢ Physicians: salaries range from Selected Federal White-Collar Pay Schedules, $91,407 - $118,828. In addition, physicians may also be eligible for a Physician’s 
Comparability Allowance (PCA) of $4,000 to $24,000 per annum, or be appointed under Title 42 Excepted Service. Salary and benefits are commensurate 
with education and experience. Positions may be filled by appointment in the US Public Health Service, Commissioned Corps. 
Scientists: salaries range from Selected Federal White-Collar Pay Schedules $54,272 - $118,828. Salary and level of responsibility are commensurate with 
education and experience. 

LOCATION: CBER is actively recruiting applicants to fill positions located in Bethesda and Rockville, Maryland, involved in the regulation of biological and 

related products in support of the Pandemic Influenza Vaccine. 

HOW TO APPLY: Applications are accepted and should indicate availability for employment. Interested candidates should submit a current Curriculum Vitae/ 

Resume and cover letter to: [Fecruitment(@cber.fda.govjor Food and Drug Administration, Center for Biologics Evaluation and Research; 1401 Rockville 

Pike, HFM-123, Rockville, MD 20852-1448; ATTENTION: Recruitment Coordinator. 


Additional information: 
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POSITIONS OPEN 


Esoreey Vitus 
Mabeca. Somos, 


CHAIR 
Department of Physiological Sciences 

Eastern Virginia Medical School, Norfolk, Virginia 

Eastern Virginia Medical School (EVMS) is seek- 
ing an extraordinary individual to Chair its Depart- 
ment of Physiological Sciences. This is an exciting 
time at EVMS and the Institution is committed to 
significant investment and growth in the basic 
sciences. The new Chair of Physiological Sciences 
will have exceptional support for recruiting new 
faculty and building nationally prominent research 
and education programs. Candidates for this posi- 
tion must have a Ph.D. and/or M.D. degree, a 
distinguished record of scholarly achievements in- 
cluding international recognition in research, an out- 
standing record of maintaining extramural funding, 
and demonstrated commitment to excellence in 
teaching. The area of research is open, but candi- 
dates should have superb leadership and interper- 
sonal skills, and the ability to develop programmatic 
research areas that bridge the Department’s three 
divisions (biochemistry, pharmacology, and physiol- 
ogy). Major current research focal areas are repro- 
ductive biology and cardiovascular science with 
funding from the National Institutes of Health and 
private foundations. Faculty provide instruction to 
students in the first and second year of medical 
school, in the allied health professions, and train 
M.S. and Ph.D. graduate students in the biomedical 
sciences. The successful candidate will be expected 
to articulate and implement a vision for improving 
faculty productivity and recruiting talented research 
scientists in ways that enhance current research and 
educational programs, and that may include strong 
programs in new areas of cutting edge research. For 


further information, please visit the Department 
website: [http://www evms.edul 

All inquiries, nominations, and applications will be 
held in strictest confidence. Applicants for this ex- 
ceptional opportunity should forward (1) curriculum 
vitae, (2) research interests, and (3) the names of 
three references to: 


Larry D. Sanford, Ph.D., Chair 
Physiological Sciences Chair Search Committee 
Department of Physiological Sciences 
Eastern Virginia Medical School 
P.O. Box 1980, Norfolk, VA 23501-1980 
Telephone: 757-446-5619 


E-mail banforld@evme.edu 

EVMS is an Equal sommmrapr mere Action and 
Drug Free Workplace Employer and encourages applications of 
women and minorities. 


POSTDOCTORAL POSITION 
Quantitative Toxicology/Pharmacology 


The U.S. Environmental Protection Agency (EPA), 
National Center for Environmental Assessment in 
Cincinnati, Ohio, seeks Postdoctoral candidates in 
computational toxicology and biological modeling 
for human health risk assessments. Successful can- 
didates will have experience in some of the following 
areas: toxicology, biochemistry, physiology, phar- 
macology, statistics, and computer modeling. Spe- 
cialized education training and/or experience 
preferred include quantitative structure-activity 
(e.g., QSAR, SAR) modeling, pharmaco- or toxico- 
kinetic modeling, or physiological or biologically- 
based dose response modeling. Salary ranges from 
$50,000 up to $70,000, commensurate with qualifi- 
cation plus benefits. Information on federal positions 
can be found at website: 
(CINC- 
SAST-010406-01). For additional information con- 
tact Dorothy Carr at telephone: 919-541-4356. 
acer on nonfederal positions can be found at 


bsi http: 77www,.orau,.gov/ 
needs EPA. NCEA-2006-01.pdf] For additional 


information please contact Karen Proffitt at tele- 
phone: 513-569-7099. 
US EPA is an Equal Opportunity Employer. 
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POSITIONS OPEN 


Baylor College of Medicine 


FACULTY POSITION 


in Cellular/Molecular Neuroscience 


The Department of Neuroscience at Baylor 
College of Medicine is recruiting ASSISTANT 
PROFESSORS on the tenure-track who utilize 
contemporary tools of molecular and cellular neuro- 
science to investigate fundamental questions of 
nervous system function in health, disease, or injury. 
The successful candidate should have a Ph.D. and or 
M.D., postdoctoral experience, strong experimental 
skills, and a record of accomplishment in the ap- 
plication of molecular, imaging, biophysical, or elec- 
trophysiological approaches to nervous system 
function. The Department of Neuroscience is under- 
going a major expansion, building on strengths in 
ion channel function, cellular/molecular imaging, 
synaptic plasticity, neuronal development, cell sig- 
naling, sensory processing, and cognitive /computa- 
tional neuroscience. The position will provide highly 
competitive allowances for laboratory support and 
research program development. Send curriculum 
vitae and statement of research interests, and have 
at least three letters of reference sent to: Michael J. 
Friedlander, Ph.D., Professor and Chair of Neu- 
roscience, Director of Neuroscience Initiatives, 
Baylor College of Medicine, One Baylor Plaza, Suite 
S740A, Houston, TX 77030 (e-mail: 
lbem.edu) by April 30, 2006. Applications may be 
submitted electronically or by mail; reference letters 
must be submitted by mail. 

Baylor College of Medicine is an Equal Opportunity Af- 
firmative Action and Equal Access Employer. 


POSTDOCTORAL FELLOWSHIP, Cancer Epi- 
demiology and Prevention Research. The Robert H. 
Lurie Comprehensive Cancer Center and the De- 
partment of Preventive Medicine of Northwestern 
University Feinberg School of Medicine invite ap- 
plications for the multidisciplinary Postdoctoral 
Training Program in Cancer Epidemiology and Pre- 
vention, an R25 Cancer Education and Career De- 
velopment program directed by Susan M. Gapstur, 
Ph.D., M.P.H. The two-year program offers the 
option to complete a Master’s of Public Health or 
M.S. in Clinical Investigation; it is organized 
around four thematic areas: (1) epidemiology and 
biomarkers; (2) screening and early detection; (3) 
chemoprevention; and (4) behavioral prevention. In 
collaboration with faculty, Fellows design an indi- 
vidualized didactic and research program emphasiz- 
ing one of these four themes. Stipend is at least 
$50,000 annually plus benefits, with additional funds 
provided for tuition, travel, and supplies. Applicants 
must hold a doctoral level degree (Ph.D., M.D., 
Ed.D.) and be a U.S. citizen or permanent resident at 
time of application. Candidates interested in entering 
the Program in summer or fall 2006 should refer to 
our_ website for complete instructions at_website: 


http://www. preventivemedicine.northwestern. 


rogram Coordinator, Department of Preventive 
Medicine, Feinberg School of Medicine, North- 
western University, 680 North Lake Shore Drive, 
Suite 1102, Chicago, IL 60611 by April 28, 2006. 
Women and minorities are encouraged to apply. Northwestern Uni- 
versity is an Equal Opportunity/Affirmative Action Employer. 


POSTDOCTORAL FELLOW. Aging of mito- 
chondria in neuroscience using cell fluorescence and 
in situ PCR measures of mitochondrial function in 
the context of glutamate and beta-amyloid toxicity. 
Minimum qualifications are a Ph.D. in either cell 
biology or neuroscience with desired focus on neu- 
rotoxicity, in situ PCR or mitochondrial function. 


Apply to: Dr. Gregory J. Brewer (website:[http:77] 
PTT h 


Attn.: Ms. Barb Reichert (e-mail: ibreichert@] 
[siumed.edu}], Southern Illinois University School 
of Medicine, P.O. Box 19626, Springfield, IL 
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NEBRASKA CENTER FOR VIROLOGY 
RESEARCH ASSISTANT PROFESSOR in 


molecular virology to participate in established 
research program of Dr. Charles Wood on HIV 
and AIDS-associated diseases including Kaposi’s 
Sarcoma. Provide management of ongoing research 
projects and supervise research staff in his laboratory 
while developing independent research associated 
ea the Nebraska _C enter for Virology (website: 
hnttp://www.unl.edu/virologycenter) through 
the University o Nebraska, Lincoln School of 
Biological Sciences. C: andidates should hold Ph.D. 
and/or M.D. and relevant postdoctoral research 
experience. 

Review begins April 1, 2006 
this pontcn, apply at website: 


: : 
http: y, J Eoalemiaid 


Dr. Charles Wood, Director 
Nebraska Center for Virology 
E249 Beadle Center 
Lincoln, NE 68588-0666 
E-mail: 

The University of Nebraska is committed to a_ pluralistic 
campus community through Affirmative Action and Equal Op- 
portunity. We assure reasonable accommodation under the Amer- 
icans with Disabilities Act; contact J. Walker at telephone: 
402-472-4560 for assistance. 


SOUTHERN ILLINOIS UNIVERSITY 
School of Dental Medicine 
Department of Applied Dental Medicine 
Section of Pharmacology 


Southern Illinois University School of Dental Medi- 
cine (SIU-SDM) is seeking applicants for a full-time 
tenure-track position at the ASSISTANT /ASSO- 
CIATE PROFESSOR level in the Section of Phar- 
macology. Responsibilities include pharmacology 
course development and didactic teaching of dental 
students with some teaching at advanced levels. 
Additionally, the candidate will be expected to be 
active in oral health care related research as well as 
service to the University. Candidates should possess 
a Ph.D. in pharmacology or a dental degree/Ph.D. 
Previous teaching experience and a record of 
research accomplishment are desirable. Academic 
rank and salary are commensurate with experience 
and qualifications. SIU-SDM is a suburban campus 
located in the St. Louis metropolitan area. Send a 
letter of application, including a statement of teach- 
ing philosophy and research interests, curriculum 
vitae and names and contact information for three 
references to: Dr. Ann Boyle, Dean, School of 
Dental Medicine, Southern Illinois University, 
2800 College Avenue, Alton, IL 62002-4900. 
Review of applications will begin in April 2006, 
and continue until the position is filled. 

SIUE is an Equal Employment Opportunity /Affirmative 
Action Employer committed to diversity in education and em- 
ployment. SIUE is a State University; benefits under state spon- 
sored plans may not be available to holders of F-1 or J-1 visas. 


The Department of Biology at the University of 
Nevada, Reno, is seeking candidates for two non- 
tenure track, nine-month LECTURER POSITIONS. 
Full-time lecturer to teach human anatomy and 
physiology, evening sections of introductory orga- 
nismal biology, and endocrinology or physiology 
course. Full-time lecturer to teach genetics, evening 
sections of introductory cell biology, and neuro- 
biology or physiology course. Minimum qualifica- 
tions include an earned Ph.D. degree in biology, 
physiology, or related discipline and previous teach- 
ing experience at the college level in a faculty po- 
sition or as a graduate assistant. View complete 
position description, requirements and online ap- 
plication at website: Appli- 
cations received by April 24, 2006, will receive full 
consideration. Equal Employment Opportunity /Affirmative 
Action, women and under-represented groups are encouraged 


to apply. 


SCIENCE 


WORKSHOPS 


Workshop on Computational Methods 
for Spatially Realistic Microphysiological 


Simulations June) 6-9! 2006 


Hosted by The National Resource for 
Biomedical Supercomputing 


This workshop will cover simulation of models focused on 
diffusion-reaction systems such as neurotransmission and 
biochemical networks. New versions of MCell and DReAMM 
software[(www.mcell.psc.edu| andjwww.mcell.cnl-salk.edu) 
will be introduced, highlighting models created from 3-D 
reconstructions or CAD tools, and new Monte Carlo methods 
for 3-D simulation of reactions in solution and on biological 
surfaces. 


Application deadline is April 26, 2006. 
iwww.nrbsc.org/education/workshops/cmms/ 


The NRBSC (an NIH Resource Center) pursues leading 
edge research and education in high performance computing 
and the life sciences, with focus areas in microphysiology, 
volumetric data visualization and analysis, and computational 
structural biology. 


Direct inquiries to: 
Mp 0 | 


\ A . 
1-800-221-1641 : VRE 
| a’ 


Pittsburgh Supercomputing Center aneeenn 

: J ‘www.nrbsc.org 
300 S. Craig Street SUPERCOMPUTING 
Pittsburgh, PA 15213 CENTER 


SYMPOSIA 


IOWA STATE UNIVERSITY 


Plant Sciences Institute 


Plant Receptor 
«>, Signaling 


Photoreceptors Receptors in Biotic © Genomic/Proteomic 
Emmanual Liscum _ Interactions Approaches for 
Keith Moffat Andrew Bent Plant Receptors 


Peter Quail Eric Davis Seott Peck 


Marti Shinhan Shiu 
Hormone Receptors . Bi 
Pam Ronald 


Joanne Chory 


Mark Estelle Receptors in Growth 
Dan Klessig and Development Organizing Committee: 


G. Eric Schaller Sacco de Vries Philip W. Becratt 
J N lah Roger P. Wise 
Michael R. Sussman june Nasralla @ Eric Schaller 


John Schiefelbein Marit Nilsen-Hamilton 


Frans Tax 


Roger Wise 


For more information or to register B 
visit| | www. bb, iastate.edu/~gfst/phomepg. html JUNE 2) 2 2006 
or e-mail: phmb@iastate.edu 


Immunology/ 
Infectious Disease 
Research Careers 


Advertising Supplement 


Get the experts behind you. 


Be sure to read this special ad supplement 
devoted to immunology and infectious 
disease career opportunities in the 
upcoming 5 May issue of Science. 


Find immunology and infectious disease 
research jobs and other career resources 
online atlwww.sciencecareers.ors} 


For advertising information, contact: 


U.S. Daryl Anderson 
phone: 202-326-6543 
e-mail:[danderso@aaas.org| 


Europe and International 
Tracy Holmes 

phone: +44 (0) 1223 326 500 
e-mail:[ads@science-mt.co.uK 


Japan Jason Hannaford 
phone: +81 (0) 52 789-1860 
e-mail:[fhannaford@sciencemag.ip 
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MARKETPLACE 


POSITIONS OPEN 


BIOLOGY (Tenure Track) 
Penn State Altoona 


The Pennsylvania State University, the Altoona 
College invites applications for a Tenure-Track po- 
sition in vertebrate physiology in the Division of 
Mathematics and Natural Sciences, beginning in fall 
2006. The position requires a Ph.D. in biology or a 
closely related discipline. Teaching duties will include 
introductory biology, mammalian anatomy for al- 
lied health students, upper-level vertebrate physiolo- 
gy (lecture/laboratory), and a course in his/her area 
of expertise. The successful candidate should con- 
tribute to our new Baccalaureate Program in Biol- 
ogy. Only 40 miles from the University Park campus, 
Altoona College offers the advantages of small 
college teaching with the readily available resources 
of a major research university. Applicants should 
present a record of evidence and potential effective- 
ness in teaching, research, and service. Penn State 
Altoona offers a competitive salary and an attractive 
benefits package. Applicants should send a letter of 
application establishing their qualifications; cur- 
rent curriculum vitae; a description of teaching phi- 
losophy and evidence of teaching effectiveness; a 
statement of research interests; transcripts (official 
transcripts required at the time of an interview); and 
a minimum of three letters of reference. Applicants 
are strongly encouraged to submit their applications 


and accompanying materials electronically to e-mail: 
faative@esc eden Word or PDF formats. Review 
of applications will begin the week of April 15, 2006, 
and continue until the position is filled. Nonelec- 
tronic inquiries, applications, and additional mate- 
rials should be sent to: Chair, Search Committee 
for Biology, Penn State Altoona, Box A-22006, 
3000 Ivyside Park, Altoona, PA 16601-3760. 


For additional information about Penn, e Altoo 
lease_visit_our web page at website: 
Penn State is committed to Affirmative Action, Equal Op- 
portunity and the diversity of its workforce. 
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Achieve 


Optimal Transfection 


TransIT®-Reagents and Kits 
for all your delivery needs: 
plasmid, siRNA, mRNA, 
viral RNA and oligos. 


Mirus. 
P’-OPrf 


It All Begins at the Bench 


.mirusb1i0o.com 


Widely 
Recognized 


Original & 
Guaranteed 


8¢/u 
Truncated 
Taq DNA 
Polymerase 
Withstand 99°C 
m 


KlenTaq1 


US Pat #5,436,149  e-mai 
Call: Ab Peptides 1°800¢383¢3362 


Fax: 314°96808988 


CATG®G 


Design qPCR assays and microarrays for: nee 


» Pathogen Detection 


» Bacterial Identification \ cone 


» Environment Monitoring 
> Infectious Diseases 


> AlleleI 


www.PremierBiosoft.com 650-856-2703 


1818 


24 MARCH 2006 VOL 311 


POSITIONS OPEN 


FACULTY POSITION 
Bilkent University 
Ankara, Turkey 


Bilkent University Department of Molecular Bi- 
ology and Genetics, seeks applicants at the ASSIST- 
ANT or ASSOCIATE PROFESSOR levels. We 
are particularly interested in outstanding candidates 
who have special expertise on cancer biology, sig- 
nalling, or functional genomics. The candidate is 
expected to take on academic responsibilities in ad- 
dition to conducting research. Bilkent University is 
a private university and the Department is widely 
acknowledged as one of the leading research in- 
stitutes in Turkey. The medium of instruction in the 
University is English. Applicants should send a letter 
of intent and curriculum vitae to: 

Professor Dr. Mehmet Ozturk 
Bilkent University 
Department of Molecular Biology and Genetics 
Ankara 06800 Turke 
E-mail: |jobapp]@fen. bilkent.edu.tr 


Website:[http://wwwmbg, bilkent.edu.t 


ANGIOGENESIS/CARCINOGENESIS/ 
STEM CELL RESEARCHERS 


Temple University School of Medicine is currently 
seeking researchers (Ph.D. or M.D.) at the ASSIST- 
ANT/ASSOCIATE or FULL PROFESSOR level 
who are trained in cell, molecular or immunobiology 
(preferably with a history of grant funding) and 
whose research interests lie in the areas of angio- 
genesis, stem cell biology, or carcinogenesis. 

Please send curriculum vitae and bibliography to: 
Henry Simpkins, M.D., Ph.D., Professor and 
Chairperson, Department of Pathology and Lab- 
oratory Medicine, Temple University School of 
Medicine, 3401 North Broad Street, Philadelphia, 
PA 19140. Temple University is an Equal Opportunity/ 
Affirmative Action Employer and strongly encourages applica- 
tions from women and minorities. 


MARKETPLACE 
GenScript Corporation 
www.genscript.com 877-436-7274 


Custom Peptide 
——E EOErrESEOEOree 


Synthesize Any Gene 
$1.45/p 
Vector-based siRNA 


CMV, U6, inducible promoters, cGFP tracking 
Lentiviral, Retroviral. Adenoviral Delivery 


Custom Polyclonal Antibody: $600 


> WWW.QVENTAS.COM 


oO Branford/Connecticut 203-481-4560 


Bioanalytical Services To Meet Your Needs 


*LC/MS/MS detections on diverse compounds in 
buffer, plasma, urine, brain, CSF, bile, tissue etc. 
*Pharmacokinetic/Pharmacodynamic screening 


POLYMORPHIC 


~~ Polymorphic DNA Technologies, Inc: 


Assay design, primers, 
PCR, DNA sequencing 
and analysis included. 


SNP Discovery 


using DNA sequencing 
$.01 per base. 


888.267.0885 
www.polymorphicdna.com « into@polymorphicdna.com 


POSITIONS OPEN 


The University of Texas Southwestern Medical 
Center at Dallas, Division of Nephrology seeks fac- 
ulty at the ASSISTANT/ASSOCIATE/ FULL 
PROFESSOR level who will develop independent 
research programs in kidney biology and disease. 
Individuals with interests in genetics or glomerular 
biology are particularly encouraged to apply. Brand 
new, state-of-the-art laboratory facilities and com- 
petitive startup packages will be provided. M.D. 
candidates should be Board-certified/ Board-eligible 


in nephrology. Visit our website: 
utsouthwestern/nephrology| Send curriculum vi- 
tae, description of research, and names of three 


references to: Peter Igarashi, M.D., Chief of Ne- 
phrology, University of Texas Southwestern, 
5323 Harry Hines Boulevard, Dallas, TX 75390- 
8856. E-mail: 
University of Texas Southwestern is an Equal Opportunity/ 
Affirmative Action Employer. 


SYMPOSIUMS 


Fourth International Symposium on Cell/Tissue 
Injury and Cytoprotection/Organoprotection 
Focus on Gastrointestinal Tract 
Co-Chairs: Drs. S. Szabo and A. Tarnawski 
May 17 - 19, 2006, Long Beach, California 


Goals: To provide updates on cell and tissue injury, 
protection, repair and healing, including the role of 
stem cells. The focus will be on gastrointestinal tract 
injury, protection, and healing of esophageal, gastric, 
duodenal mucosal injury and ulcers, liver injury, in- 
flammatory bowel disease. Injury and healing of other 
tissues will also be discussed. 

Format: Minisymposia, e.g., two to three invited 
speakers, followed by short presentations selected 
from submitted abstracts and poster session. Regis- 
tration fee: $200 (includes program and abstract 
booklet, opening reception, lunch, and symposium 
dinner). To obtain registration and abstract forms 
please contact: Frances Walker, Veterans Affairs 
Medical Center (05/113), crn races Walkera] 
imed.va.gov; telephone: 562-826-5513. Abstract 
submission deadline: April 15, 2006. 
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We know science AVAAAS 


Moving? Change of Address? 
New E-mail Address? 


Update online at AAASmember.org] 


Be sure to include your membership number. 
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Ambion RNAi Resources 


Protocols, data, references, and more 


www.ambion.com 


New tools and techniques for performing RNAi 


Request a free copy at www.ambion.com /contact /litreq| 


Experimental tips, new tools for RNAi, and exclusive special offers 


Sign up at www.ambion.com/contact /litreq 


Assistance with experimental setup, design, and troubleshooting 


See|www.ambion.com/contact 


for our full list of toll free phone numbers 


Ambion, Inc. 
U.S. 800-888-8804 » Canada 800-445-1161 
fax +1-512-651-0201 


Ambion (Europe) Ltd 
tel +44 (0)1480-373-020 
fax +44 (0)1480-373-010 


Hip bio As) apan) 
tel +81 (0)3-5638-2181 
fax +81 (0)3-5638-2182 


¢ Ready to use siRNAs provided in as little as 4 days 


¢ Searchable database makes it simple to find siRNAs to your 
genes of interest 


e Efficient gene knockdown guaranteed 


¢ Now save 18% when you purchase 3 siRNAs per gene 


Tired of wasting time with poorly designed siRNAs? Silencer® Pre-designed 
siRNAs—highly effective, ready-to-use siRNAs available for all human, 
mouse and rat genes—provide guaranteed gene silencing. Each one has 
been designed using a carefully optimized algorithm and then manufac 
tured to exacting quality standards to provide potent and specific gene 
silencing. 


Journal article reviewers generally require that you verify gene silencing re- 
sults with a second siRNA. Silencer Pre-designed siRNAs make it easy to 
comply. Ambion guarantees that at least two Silencer Pre-designed siRNAs 
will knockdown target mRNA levels by >70% when three are purchased for 
the same gene. 
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Potency of Silencer® siRNAs at Low Concentrations. The algorithm Ambion uses to 
design Silencer Pre-designed siRNAs results in efficient gene silencing. Most Silencer siRNAs 
are effective at 3-10 nM. 


Learn how you can get fast, easy and guaranteed siRNAs at 


ar a list of Ambion direct free 
phone numbers and distributors 
in your country, go to 
‘www.ambion.com/ 


THE RNA COMPANY® 


